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An Investigation of a Supersonic Fluid Amplifier

by
Richard Royce Scott

ABSTRACT

Results of an analytical and experimental investigation of a super-
sonic fluid amplifier are presented. A power fluid was accelerated in
a conical, convergent-divergent expansion nozzle with a 14° half angle
of divergence. The nozzle discharged into a two dimensional flow
passage. Glass plates were used as two walls so that a schlieren light
system could be used to observe the flow. High speed schlieren
photographs (5000 frames/sec) were taken of the switching phenomena
for power fluid supply pressures of 1200, 1000, 800, 600 and 250 psig.

For certain supply pressu. ~s the power flow can be switched from
one to the other of two exit channels. Direction of the power flow is
determined by a control jet issuing from one of the two control ports.
The control ports were located opposite each other at the exit of the
expansion nozzle and their geometrical axes were perpendicular to the
axis of the nozzle.

An analysis i1s presented by which the bistable state of a super-
sonic amplifier can be described. One dimensional assumptions are
made in order to determine the fluid properties before the fluid

separates from the nozzle boundary. The areca ratio and Mach Number




at separation are predicted by assuming that the particles moving along
a characteristic streamline in the boundary layer flow into a stagnation
region., The location of the stagnation region and the strength of the
oblique shock initiated at that boundary determine whether the sepa-
rated free stream boundary at that surface is deflected into the opposite
exit channel or flows out the adjacent exit channel., The location of
the stagnation region is predicted in terms of the specific heat ratio
and the chamber to discharge pressure ratio. Results from both
theoretical equations and experimental data are presented in graphi-
cal form.

An analysis is presented and an equation is derived to predict
switching times. The analysis is based on a control volume located
at the control port reginn. Experimental switching times determined
from high speed schlieren 1um are tabulated for nitrogen and hydra-

zine at chamber pressures oi 1200 and 1000 psig.
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upper model flow boundary
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I. Introduction

A. Analogy Between Electronic and Fluid Amplifiers

Fluid amplification has advanced rapidly to its present state since

its conception in the late nineteen fifties

Some of the first contribu-

tions to the art and science were published in the proceedings of a

symposium held in 1960 (15). Amplification is a process by which a

fluid signal, either pressure or flow-rate,

1s used to control or direct

a fluid stream whose pressure source or flowrate is usually greater

than that of the signal. The process is similar to that occurring 1n an

Grid -— 1
_\; -
- ' «———~—Plawe
]3 load
b - N Cathode
! =i =i
(a) Trivde Vacuum Lube
'y
Power Ne—"
c Jutput

rad

"B-eox

(b) supersonic Fluid Amplilicr

Figure I-1. Diagrams of Electrical and IMluid Amplifiers

1




Z
electronic tube, Schematics of each process are shown in Figure [-1,
In FFig. [-1(a) the cathode is heated and emits a flow of electrons to
the plate. This current can be considered analogous to the power flow
of the fluid amplifier. The electron flow from cathode to plate creates
an electrical field. The insertion of the grid provides a means for
changing the electrical field in the tube. When a voltage signal, Es‘
is impressed on the grid circult, then a small change in Es will effect
a large change in the cathode to plate voltage, such that the output
voltage 1s an amplification of I;‘S

Similarly in Fig. I-1(b) the power fluid of the fluid amplifier
creates a pressure and momentum field between U-c¢ and B-¢. The
control signal PC can change the field and thus deflect the power jet,
producing an amplification of the control signal.

The vacuum tuire can be designed to amplify the voltage, current
or pcwer. Similarly the fluid amplifier can be designed to deliver
either a pressure, flow or power amplification. Gain is defined as
the ratio of output to input. Amplification is defined as the derivative

of output with respect to input.

B. Discussion of Literature

Early work in the field of fluid amplification was in the area of
subgonic amplification (29) and (30). As interest in the tield grew,
theories for different aspects of subsonic amplification were developed.,

Some of the applications include flow control valves with no moving
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parts, logic circuits, proportional amplification, and guidance control
(30) and (31).

One of the application arecas 1n which intense interest has devel-
oped is that ot nussile guidance control systems (8). Of necessity,
these are required to be reliable, small and powerful . The feature
of no moving solid parts in fluid amphfication systems contributes to
their overall reliability. It in addition they can be made small and
simultancously power ful cnough to perform the tasks desired, they
can compete tavorably with other means of guidance control. A
system which employs a high pressure gas as the power source tor
the last or power smplificr could deliver the required control forces
and yet be kept small, With these obwectives the Army Alissile
Comruand has developed a control system which uthilizes a supersonic
power amplifier (3)

In addition to Dunaway (3) of the U S0 Army Massile Coimmand,
Holmes and Foxwell (13) have done mmportant exper tnental work an
determiming the varmables which alfcct supersonin ihad amplihication,
A paper by Shih (23) 1eports the results o1 a theoretical study of a
two-dimensional supersonie tluid amplitier  Fniployimg the method
of characteristics Shih describes the prossutos, velodities and frec
stream boundar:cs for varnous supply and control pressuros when the
power {lurd 1s directed out 3 partcular oxat o henngd I''m= work and
the expertmeoental work mentoned abiove contribute 1ot

undorstanding

of the mechames mvyolved m the operation o) the supe r=onie anplitier
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J. Yalamanchili has done voth experimental (33) and analytical (32)
work on a supersonic amplifier, The configuration investigated was
analyzed from a free jet standpoint. Thus the model configuration and
analysis are different than those presented here.

When one searches for references in supersonic amplification,
papers on thrust vector control using secondary injection are certain
to appear. This happens because there is considerable similarity
between the two flow phenomena where the secondary jet is analogous
to the control fluid signal. They both are used to deflect a larger
stream and thus achieve a large response in relation to the signal
used. An analysis of the interaction of injected fluid with the super-
sonic stream is presented 1n a paper by J. E. Broadwell (53) in which
analytical results are compared with experimental results. Although
thrust vector control by secondary injection and supersonic amplifi-
cation may at first appear almost identical, they have two major
diffcrences. The first difference 1s that the power flow in the super-
sonic amplifier 1s usually overexpanded at the position where the
control signal 1s applied. This overexpansion leads to separation in
the nozzle. In thrust vector control, the power {low in the nozzle is
micnded prumarily as the thrust of a rocket or missile. Since it s
inefliclent to either overexpand or underexpand the flow in the power
nozzle, the flow is not overexpanded at the position of injection (26).
The sccond major difference 1s that after the fluw in a supersonic

amplifier has been imtially directed into an exit channel, rigid




boundaries continue to change the flow's direction. In the thrust vector
control mechanism there are no boundaries which continually change
the flow direction.

Since in supersonic amplification the flow is directed out one exit,
scparation from the opposite wall must be experienced. Flow sepa-
ration can be divided into classes according to the manner in which it
is caused. The three types of separation are spontancous, semi-
spontancous and induced separations. Illustrations of each are given
in Figure 1-2,

Spontaneous shock-separation is defined as the type in which the
shock, and flow downstream of the shock, are caused because of a
downstream adverse pressure gradient imposed on the flow. An
illustration of this type is the flow 1n an overexpanded nozzle shown
in Figure 1-2(a)., A semi-gpontaneous shock-=eparatien (IPigure 1-20)
15 caused by some obstacle in the flow, but the separation shock can
sull assume a free position and inclination angic . In both the spon-
tancous and semi-gpoentancous caseas, the separation shock s mitiated
at the boundary from which the flow separates. An induced shock-
scparation (Figure 1-2¢) is caused by an external shock tmpiging on
a houndary layer and causing it to separate.,

Three itmportant papers of a theoretical nature which attenipr o
explain shock-separated boundary layers and thus scparated tlows are
those by G. I.. Gadd (12), M. Arens and 1. Spaegler (2), and AL Mager

(21}. Gadd assumes that 1o separate a supersonie turbulent houndan s
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layer where there is a shock-boundary layer interaction, a shock
K

pressure ratio sufficient to stagnate a charactertstic velocity U in
the boundary layer s necessary. The shock Gadd is concerned with
1s one which 1s inmtiated outside the boundary layer (ie ., mduced
shock separation, scc Figure 1-2(¢)) and intersects the boundary
layer sciie distance downstiream of its gencration, M. Arens and
L. Splegler use this idea in a theorcetical development in which the
shock 1s mitiated 1n the vicinity of the boundary layer sceparation
(spontancous and semi-spontancous). lixperunental data published by
various authors (3), (2) and (22) correlate well with the cquations
they derive . AL Mager desceribes a free or spontancous separation by
considering semi-empirical transformations between mcompressible
turbulent boundar: “~vers and compressible wurbulent boundary lavers
for the plane casce. This theory compares well with Melkenny's (22
two dimensional scpra: ation data 1 an over- expanded supersonic flow,

Arens and Spiegler show through plots o) thear der ived cguations
and experimentally ebtamed data that thenr equations will nredic!
separations tor all the general cases shown e pgure 1-2, 'as
appears reasonable simce there os actually Litde difference among the
three cases when the mechanies of tlow g the boundary laver s used
as a bhasis for comparison,

Other authors predict separation basod on exper tnental obser -
rations.  betuing }’l,-"I’a as the ratio of scparation 10 atmasplcrie

pressure, PFrazer, isenklam and Wilkioe (10) condlude that when a
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ot discharges to an atmosphere of 147 psia the jet separates when
I’l,/}’a = 0,36, Summertield (27) and Mckenny (22) conclude that

0.38 < I’I/PF < 0.41 ror «hamber to ambnent pressure ratios tested,
aT

and thus Pl/l"1 15 approxunately constant, ‘This may be true tor the

< 22 4) anvestigated.

small range of pressurc rates (13,4 < P /P

- o It
Alarger range ot chamber to ambient pressure ratios (b9 < Po/Pa <
115) indrcates a dotinite dependence of the boundary layer separation

on the tree stream Mach Number (2 and Y17

. Defimitions and Description of Amplifier Characteristics

An amphitier s bastable 1f there are only two stable flow contig-
urations which it will maimntain, The power flow of an ideal bistable
flurd amplificr can be satched ftom one to the other 0f these two
stable flow configuranons, which are, for the present study, from
total tlow out one exit to total flow out the second exit . 1 the switcang
constramnt 1s removed betore the power tfow s [ully switched, the
power sticam of the adeal amplidier will go to one of the two stable
conficurattons . Often an zinphiicr does not have deal bistabic
characteristies and a third flow contigai atron can be determitned for
which part of the power uid leaves by one exit and the rest by the
sccond exit. The flow in thrs third configaration s ususlly less ~tabie
than Cither o the heetrble” contigarations, whor the amplifier 1=
opceratedan & suppiy preossure range tor whioh tiow out onge exit
ianne ] can b nmmsmed i degroe o snabidity for the third tlow

contiguratton ¢~n be scen to be smallor then thst tor tfow out one oxit
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from the following qualitative reasoning. It1s less difficult to stop a
partial flow from onc exit and thus force all the power fluid into a
stable flow out the second exit than 1t 1s to stop the tetal power flow
configuration. Thus an amplifier could be defined as bistable even
though a thurd flow configuraticn can be deternuned, if this third con-
figuration 1s less stable than the two "stable flow” configurations.
Therefore the flow configuration which exists when the power fluid
continuces to flow out an exit, after all restricuions used to force the
power fluid out that exit are removed, will be called a bistable flow
configuration. The conditions necessary to maimntain this stable state
in the supersonic amplhifier will be presented in Section il,

In addition to a study of conditions necessary to maintain the
bistable state, the switching of the power fluid from one stable posi-
twn te the other 1s also studied and results are presented herein,
The switching time 1s defined as the time requircd to move the power
stream from a stable position on one side of the amplificr to a stable
positien on the other swle. The switching yume 1s only part of the
response time, which 1s defined as the time lapse necessary to
observe full effects of the power stream at the output position after
tho control signal 1= applied.  After the power stream 1s switched the
fluid must flow to the output position, The time lapse hetween
switching and arrival ol power fbuid at the output position s the trans-
port tinie ol the power stream. Schematically these thoes are shown

u Fagure 1-3 and arc essontially the same as morel rence (18}, A-
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P
ex

) Control Signal Applied at U-¢
Goper  h e
EExhaust + \ time
Lower +l \\*\J
}xhaust T 1l
L— Switching ’I‘nme-‘* fransporty,

Time

le— Response Time JEN—

Figure 1-3, Schematic of Amplifier Response Time

can be s2en in Figure 1-3, there is some time after the control signal
is applied before there is a decrease in the output felt at U - ex and a
response 1s felt at B - ex. Also it 15 seen that the switching time
terminanon cannot be definitely i1dentified on this diagram. This 1s
because the portion of fluid from the power stream left in the upper
channel after the powcer stream 1s switcned 1s still felt at U - ex until
it has flowed to the cxit. This saine time 1s necessary for the tully
switched stream to be felt at B - ex.

Although the Army Nlissile Command had developed a supersonic
fluid amplifier that operated, there were many questions connected
with 1ts operation still unanswered. kExamples of these gquestions are:
(1) why does the amplifier switch only 1n certain chamber pressure
regions, {2) what are the effects of using a high temper ature power
fluid and (3) what are the effects of varying the magnitude and/or fre-

quency of the control signal, In order to formulate a flow modcel from
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which answers to questions ¢f this type could be obtained, an exper:-
mental investigation of the switching phenomena was performed at the
University of Alabama and Redstone Arsenal. Insight gained from the
experimental results helped guide the development of a theoretical
flow model. The purpose of this thesis 1s to present the experimental
results, the theoretical flow model formulated to explain the experi-
nmental data, and describe the mechanics involved 1n supersonic fluid
amplification, An understanding of the mechanics can be applied to
other flow situations and 1n general used to improve amplifier design,

Figure I1-1 (page 21) shows the flow model which was used for the
experimental work, Details of the flow geometry are given 1n Section
I1I. This configuration was chosen because the U. S. Army Missile
Cemmand's Inertial Guidance and Control Laboratories had a control
systemn in which there was a similar amplifier and on which consid-
crable preliminary experimental work had already been conducted.

It was desired to establish a better bas:ic understanding of this ampti-
fier. Also 1t was knewn that this configuraton performed reasonably

well 1or certain ranges of supply pressures and control pressures,

. Discussion of Basic quations

Sonic flow 15 attaincd when the speed of a flowing fluid 18 of 3
magaitude such that a disturbance generated at a pomnt in the streaom
cannot be propagatcd upstream ol the pomt of disturbance . 1t the
fluid reaches any hiigher specd, then the speed os referred 1o as supesr -

somc. By applying the momentun and continuity cquations to o plang
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stationary disturbance in a flowing fluid, the speed which the fluid

must attain to keep the disturbance from propagating upstream is
a - JTSPTSFT . I-1

For a perfect gas (P/p = Rg’l‘) and an 1sentropic process (P/p k.

counstant), I-1 becomes

o

a -~ /RRgT = VKP/¢ |, I-
The Mach number is the ratio of speed of flow to local speed of sound.
M = V/a

Thus M = 1 indicates sonic velocity,

The converging - diverging nozzle is used to accelerate com-
pressible fluids to supersonic velocities. The supersonic flow will
be reduced to subsonic flow if the high speed fluid passes through a
normal shock. A shock in supersonic flow 1s a discontinuity, across
which the stream properties (p, T, p, V) change. The "discontinu-
ity actually has a thickness on the order of 107> inches (24). The
equations which govern the change in stream properties across a
normal shock are well known and are developed in most gas dynamics
texts (see for instance (20) and (24)). Figure I-4 shows two dimen-
sional flow in a duct and an ideal normal shock. The equations which

govern the changes in properties are listed for later reference. They

are derived using the equations of continuity, momenturm and energy,
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for an ideal gas and steady flow,

™,
P

Pylite M, > M, P >P

_Flowe T|T, — boos el

2

vy, Ly> T vy 2 Yy
p

Pl 2 ‘)2>pl

Figure I-4. Normal Shock and Stream Property Changes
Across the Shock

pl\'l 02’\«2 I-4

] 2 i

P2 Pl = plvl pz\/2 1-5
1 2 1 2

—_ 4 = + - \J -

h1+2\1 h2 2\2 I-6

From equation 1I-6 above, 1if one substitutes the definition of enthalpy

and Mach Number one obtains:

M) - — s,

The following equations are derived for an ideal gas from 1-4, I-5

and -6,

R U

- 17 - ¢

P K+1 My -V 14
(K+1) M °

Py _BTUM, .
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9
’1‘2 ) +2(K—1)(KI\-11 + 1) (1\12 )
T =1 3 5 1 1-10
1 (K+1) M1

Equations 1-7 through 1-10 are the equations relating the properties of
a stream across a normal shock.

The oblique shock occurs in supersonic fluid amplification as the
stream is bent so that it is directed out one or the other of the ampli-
fier output channels. Cunsider Figure 1-5 which shows a supersonic

stream flowing through an otlique shock. Figure I-3(a) shows a fluid

Figure 1-5, Oblique Shock and Its Effect on a Streamline

strcam of uniform velocity approaching an oblique shock wave inclined
at an angle ¢ te the direction 5f flow, Across the oblique shock one
streamline is shown inclined at an angle 8 to the initial {flow direction.
Since the flow 1s uniform an analysis of what happens to one stream-
line will represent what happens to all the flow across the shock,

In Figure 1-5(b) the velocity is divided into normal and tangential

components on both sides of the shock wave., By using the continuity
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and momentum equations parallel to the shock the following is obtained:

Y = p,V
1 ny 2 n,
and
(p.V )V (p,V_ )V
1 ny Y 2 n, ‘c2
from which 1t i1s apparent that V =V = V..
tl t2 t

When the continuity and momentum cquations are applied across
the shock in a normal direction, relations are obtained which are
analogous tc the normal shock relations. In the normal shock case

we have Vllal = Ml’ where V1 is the normal component of flow. In

the obligue shock, the initial normal component 1s \-’n = Vl sin Y.
1

The initial Mach Number now is M = \’l/a1 where \-'1 =V /sing.

1 n,
Thus
\,'

™
‘;—;- = !\11 sin @

To obtain the oblique shock relations Ml is replaced by !\l1 S @ 1n

equations 1-7, 1-8, 1-% and 1-10. Similarly it can be shown that

\/7
)
- = }\-12 sin (g - B8). Thus, the equations relating properties

2
across an oblique shock are:
2

A 2
1\12 sin (@ - B) = 5 5 - I-11
K,‘\ll s ¢ -
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T2 Py (M2 sin’o - 1) 1-12
P K+l 'V SI®
2 2
(+1) M. si
0, (K+1) vll sin” @

— = I-13
1 (K-1) 1\'112 sin2 @ +2

2
T 2K-1(KM ° sin @ + 1) .
2 _ 1 2
T 1+ 5 o 3 (1\'11 sin” @ -1) |
+1)° N
1 (K+1) Ml sin” 1-14
V
"
Consider now Figure I-5(b). From geometry tan @ * —— and
t
tan (» - g) = Vn /Vt. Using the continuity equation and eliminating
2
Vt gives
Vn
tan (g - &) . 2 _ p_l
tan @ Vn p 9

Using equatio

nl-13, this becomes

2 2
tan (9 - 8) (K l)]\l1 s+ 2

tan g

2 2
(K+1) M7 sin” g

Solving for tan 8, we obtain

2 2
I\I1 sin- @ -1
tan B = 2 cot ¢ . 1I-15

M1 (K + cos 2¢) +2

The equations from 1-11 to I-15 describe the properties of flow across

an oblique shock which will be useful in describing the mechanics of
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bistable flow and the Switching of the stream from one exit channel to
the other,




I1. Development of liquations Describing Bistability and

the Switching Phenomena

A, Regimes of Flow

The various regimes of flow which exist \n a converging-diverging
nozzle are determined primarily by the nozzle chamber pressure, the
pressure of the ambient to which the nozzle exhausts, the nozzle
geometry and the boundary layer. These regimes will be defined for
an axisymmetric conical nozzle,

The flow regimes of importance for the nozzle geometry consid-
ered herein will be defined in terms of the pressure ratio (}’O/Pa).
If (Po/}’a) =1 no flow occurs. If (Po/})a)l 1s defined as the maximun:
pressure ratio which cannot be exceeded if subsonic flow i1s to exist
everywhere in the nozzle then 1< (PO/Pa) < (I’O/Pa)1 is the subsonic
pressure ratio range. For (PO/Pa) = (PO/I’a)l the fluid velocity is
sonic at the nozzle tnroat but subsonic from the throat to the exit.
For (PO/Pa) <(P_/P ), there will be no shocks within the nozzle flow.
Thus all flow in the nozzle can be corsidered cne dimensional and

isentropic when the boundary layer is neglected.

(P /P
0

a2 will be defined as the maximum pressure ratio for

which normal shocks occur in the nozzle. Thus (l’A/}’a) < (!’U/l’a) <
o z

1
1

(}"Oz’l’a),) ts the flow regime for which normal shocks vccur in the

<

18
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flow. The supersonic velocity downstream of the nozzle throat 1s
reduced to subsonic velocity by the normal shock at some position
before the nozzle exit and the fluid then flows to the exit with subsonic
velocity. When (I’O/Pa) : (PO/I’a)2 the normal shock reaches its

farthest position, X,

downstream of the throat. When “)o/})a)S 15
the pressure ratio for which oblique shocks exi1st at the nozzle exit

then (P /P ) < (P /P ) < (P /P ), 1s the regime for which oblique
o a?l o a - o0 'a

3

shocks exist within the nozzle. When the pressure ratio (l’o/}’a)4 18
reached the pressure witlun the flowing fluid at the nozzle exit (}’(_x)
1s equal to the ambient pressure (l’a) 1o which the fluid flows. At this
pressure all shocks vanish at the nozzle exit. Thus (1’0/1’3)3 <
(Po/Pa) < (po/Pa)4 is the regime for which oblique shocks exist at
the nozzle exit, 1 (P /P ) exceeds (P /P ) then}? _ > P and the
o a o ai X a
flow is called underexpanded.

The flow regime of inferest in this investigation 1s that for which
oblique shocks exist in the flow. The formation of these oblique
shocks 1s associated with the nozzle boundary laver. This association
is demonstrated with schlieren photographs by sShapiro (22) who shows
that oblique shocks are replaced by a normal shock when the boundary
layer i1s removed by suction,

Some characteristics and consequences of the oblique shock
regime follow. The flow can no longer be approxiamated by one dimen -

sional equations since the oblique shocks are two dimensional . The

oblique shocks recompress the flurd, reduce the specd, and redire e
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the fluid particles. The redirection causes the flow to separate from
the nozzle boundary and is one of the mechanisms of interest in this

investigation.

BR. Discussion of Phenomena in the Obligue Shock Regime and
Considerations of Conditions Necessary for Stable Flow

Two phenomena exhibited by the supersonic amplifier are of pri-
mary importance:

(1) the bistable flow for certain chamber pressurc ranges, and

(2) the switching of the power flow from one exit to the other.
Bistability will ' 2 discussed first and a theory described by which i1
can be explained. This theory applies to other amplifiers wita flow
passages similar to those shown in Figure I[-1. It was developed by
observing the shock angles and free stream boundaries in high speed
schlieren film, analyzing the numerical values of pressure at solid
boundaries in the vicinity of the shocks, and utdizing knowledge of
flow separation phencmena described in the ‘iterature.

Censider Figure I1- 2 in which ¢y 8 defined as the angle included
between the bottom separatuocon snock and the rnodel boundary, and E’-H
is the angle between the hottora free stream jet boundary and the
model wall. @ and EB are similarly defined for the upper model
boundary .

In ¥Figure 11-2 all the power fluid is leaving the model from the
upper exit because the bortom shock, winch begins at point @ turns

n

the flew which would otherwise go out the lower exat. When the
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amplifier is operating in the bistable regime tnhis condition will con-
tinue to exist after any control flow or restriction which forced the
powecr flow out the upper channel is removed. The turning shocks

beginning at positions iU and ' are stable because of the pressures

maintained by s . and s, respectively, In the flow situation shown in

U 3

Iigure 11-2 the pressure at s, will be only slightly lower than the

B

ambient into which the amplifier 1s exhausting. 7This 1s because the
amplifier outp:.t legs discharge to the atinosphere and the entrainment
occurring 1n the inactive leg causes only a small drop below ambient
pressure.

The pressurc at s_. will be lower than the pressure at s This

U B’

lower pressure exisis because the power stream at position i[I has

expanded farther than at 1, and the shock ai the upper boundary 1s

B

weaker than that at the lower. When the power stream almost [ills
the exit channel and the siream remains supersonic past the splitter

tip then the outer wall region between St and U-ex, through which

flow from the outside atmosphere can occur toward position s,., s
L
very small. Experimentally by granhite entrainment, flow toward

posttion s, . has been observed in this region. This flow will inerease

U

the pressure maintatned at position SL and 1s detrimental 1o the

bistable condition, The low pressure region at Sy can also be de-

stroyed by flow from Sq, around the power strean:. When enough flow

18 present to raise the pressure at s,. to approximarely the same

L

pressure as at s, the bistable condition will cease 1o exist. Thus
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when the power stream fills the exit channel sufficiently to prevent

flow from the ambient and from s,, around the power 1et to point s

B u

then a lower pressure is maintained at sU than at Si3- The absolute

values of these pressures determine where the respective shocks
intersect the model boundary and the angle of the shocks which gave
the power fluid its direction as 1t leaves the amplifier nozzle,

in summary a list of necessary conditions tor bistevility (for
example, all power flow out U-ex) 1s:

(1) The power stream must separate from the lower model
boundary and be directed upward past the splitter up so all power
flow 1s out U-ex.

(2) To change the direction of the lower Loundary sireamline as
indicated 1n Figure 11-2 requires a shock.

(3) To cause the separation at s, and the associated shock,

B

which intersects the boundary at oF and redirects the flow so that 11

just clears the splitter, 1t 1S necessary (0o maintain a unique pressure

value at s, for each P .
R o}

{4, Lastly, to prevent the shock angle ¢ = trom having the same

(1

magnitude as ¢ Vv and thereby causing similar upper and lower shocks,

1

a lower pressure must be maintained at s, . 1f the magnitudes of 9L

u
and ¢, are equal then the power jet will divide equally between 1the
exit channels of this amplifier. To maintaiz the low pressure which

ex1sts because of the power stream overexpansion, the power stream

iniust (il the amplifier channel at section ST s top event flud at




approximately ambient pressure trom flowing around the stream to
Si;- The power stream must also fill the upper exit channel and thus
restrict flow from Ui-ex to S U to maintain the low pressure at Spo

The conditions which must be saushied 1n order to mamtamn sta-
bility have been described qualitatively above  FHquations describing
the pressure ratios which must be maintained to satisty the first thice
conditions will now be deternuned  Consider Figure 11-3 which s the
assumed flow model in the vicimity of separation. Point s the
posiiion 1unediately toltowing the shock  and s an the region where
the tlow velocinres are assuniced 1o be zoro n the x direcvion and very
small in the v dirccuon,

In the one dunensional compuiations ter nozzle flow all flow up 1o
the obligue shock s usually assunried senirop In realiiy there s
alwayvs a boundaiy laver and this is the reason tor the existence ol ine
obligue shock . In the boundary layer the velooity of the flud near the
wall 15 less than the free stream veloor'y  For the proseni case
where the stream s overexpanded (1,e ., the exit pressure s loss
than atmospheric) the momentuni ot the tlurd near the wall s small
and the velodities are subsonic becanse ol the boundary layer, 1t can
be seen that the hagher atmiosphoric pressure will cause an adver ac
pressure gradient and a reverse 1low near the boundary at the exa
Thus the velocity of the torward boundary Taver flow will be soro at
some place upsrtrean o! tic exii The slowinng o) These pariicles

CAUSCS a pressure rise wWhinch 1eactio s & aN:lonli a The 12000 Wher
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Figure 11-3. Flow Scparation Model

The assumptions made 1in developing the bistable flow equations
are;
1. The particles 1in the vicimty of f are essent:ally at rest.
2. The stagnation pracess from region s to f occurs 1sentropically

3. The disturbance created in the vicinity of the regionof 1, s and t
1s propagated inte the supersonic flow as an obhligue shock .

4. A constant stagnation lemperature 1s assumed 1n a boundary
layer cross secction.
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the particles are essentiaily stagnated. This stagnated region acts as
a disturbance in the flow which s propagated from the boundary laver
into the supersonic stream as an oblique shock wave. Following the
work of Arens and Spregler (12}, equations will be derived describing
the pressure rise 1n the boundary layer necessary to maintamn the
oblique shock.

The oblique shock wave 1s the means by which the pressure of
the stream boundary is brought up to the pressure of s. As a good
approximation when the fluid reaches f the pressure can be taken as
ambient pressure when the output legs discharge to the atmosphere.
When a supersonic streamline crosses the shock, the direction of the
fluid particles will be changed because of the properties of the oblique
shock shown in Section I,

By definttion of the Mach Number, the ratio between any two

Mach Numbers can be expressed as

A
1

,

where the superscript ¥ indicates quantities in the houndary laver.
Assuming that the stagnation temperature across the houndary laver

1s constant, then

M
1

™M,
1

l.quation II-1 can be solved for .\l: as follows:




1
— M
Ul i
= ——, -2
Ml k-1 .2 U" 2i1v/2 I
AN R

Thus if the relation between Ul and ll is known, then for any free
stream Mach Number Mx' the Mach Number M:: may be found. The
velocity and Mach Number on a characteristic streamline within the
boundary layer are important parameters in the following theory of
separation. Depending upon how this streamline 1s chesen it 1s appar-
ent that Ul could have any value between the free stream velocity and
zero, Gadd (1i) shows that when a characteristic streamline 1s chosen
such that U;:/ Ui = 0.6 the results of the separation theory correspond
well with experimental results for free stream Mach Numbers up to
and in the neighborhood of I\I1 = 4. Assurming that this relation holds
approximately between .-\1,l -4 and I\l_l =9, ]\1.l can be calculated from
equation [I-2. When the magnitude of Miu 1s calculated using these
assumptions, 1t appears from the data taken from the present study
that the characterisiic streamline crosses a normal shock 1n going
from region i to s for values of 1‘\11. between four and five. As Ml
decreases there will be some value of Mi for which 1\1l - 1. VYor any
M]' < 1, the particles flowing along the characteristic streamline will
be assumed to be brought to the essentially stagnation pressures of
region fisentropically.,

Assuming that the 1luid particles which have crossed the normal

shock are then brought to the pressure of the stagnanion region f
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isentropically, one equation may be developed to describe the pres-
sure rise between region 1 and f. With these assumptions then we may

write the pressure ratio I’f/l’1 as

]’I
— = = . 1-3
P P P :

From Figure 11-3 we can see that l’f/l’5 1s the pressure rise due
to the isentropic velocity reduction of the particles flowing along the
¢l aracteristic streamline and P /P 1s the rise due 10 the normal

s

shock. These ratios are

and

-t
x
'
—
RV
~
|
—

I

o

Since it i1s more convenient to deal with the final cquations n
terms of Ml, the mviscid free stream Mach Number, equation 1f-2
will be used to climinate A} 1 from equations 11-4 and 11-5. ) guation
1-7, the relation hetween Mach Numbers across a norimal shock, will
te utilized 1n expressing .’\1; mterms of ;\l] .olquatwons -4 and 11-5
can then he expressed n terms of I\}1 and combimced 1o give the pres

sure ratio l’fll'1 as,
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where § - l':/ Ui' Fquation I1-6 was derived by Arens and Spuegler
(2), as was an equation for which the assumed velocity along the
characteristic streamline was subsonic and thus the complete com-
pression (o l’I was an isentropic process. lquat:on ll-6 accounts for
both normal shock compression and the subsequent compression after
the particles flowing along the characteristic streaniline have crossed
the normal shock indicated in Figure I[-3. If ’\11 = 1, equation I1-4
reduces to I’S/}" = 1 and the rato I’f/l’j 1s achieved through anasen-
tropic process. Thus equation I1-6 predicis the approxtmate pressure
rato to stagnate the particles flowing along the characteristic stream-
line whether they cross a shock or not,

In the nviscid free stream the flow 1s primarily 1sentropic.

-

Uintil the cross-scection at 1is reached, the Mach Numiber s given by
po k2l

o] k
(——) i 1

or
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With ¢quations II- 6 and 11-7 1t ts possible to write a computer program

by which values of I’f/l’1 and Ml may be calculated for a given PO/I’

P B el :‘mﬂ]-w-uw
W ml;hni\.mmnhmﬂ%mm.

Results of these computations are presented in graphical form an

section 1. :

\When 3\1l 1s known, then the arca ratio :'\.l/.'\l mayxy be calculated
for the separation position by the following equation,

kil
’ MUk-1)

r
I 2 - k-1 \12
A M‘ kil 20

Values of the oblique shock angle © ard the frece stream boundary are
also calculated from cequations 1-12 and I-15, These caleulations are
periormed in the free stream flow where the disturbance in the

Loundary laver has caused the obligue shock to be propagated. The
value of the oblique shock angle ¢ 15 deternuned by thie pressure junp
across the shock and the Mach Number before orossing the shock . As
the pressure I’f is increased or decreased 1t can he seen thar © wil!
also increase or decreasc n a similar manner, I owill be shown o
Scetion 111 that the experneental relation between © and 1he control
pressure 15 sunilar to that indicated by the above cquations. 11 gy

assumed that an artificial ambaent o the vicmny of the control nor:

which causes P_is approximately equal 1w the control pressure

¢ Cal

culated values of © are compared 1o expe titncental values ot @ when

ever possible an scction 111

il

u
k v o) skl nm.mﬂ‘.n.;hM




C. Discussion of Switching Theory and Derivation ot an Kquation
for Switching Time

Since the basic purpose of the bistable fluid amplifier 1s to obtain
a fluid flow frecm one of two exits, then there must be some means of
switching the power tluid from a stable flow configuration out one exit
to the second exit, This switching 1s the second tmportant phenom-
enon in bistable fluid amplification, and is accomplished by a secon-
dary fluvid flow called the control flow or control signal. The following
development discusses the variables which affect the power stream's
position and their relation to the time involved in switching.

Consider I'igure 1I-4. A control volume is shown enclosed with

dasted lines. The control volume 1s chosen such that the nt

-
boundary 1s the plane which passes through the surface connecting the
downstream control port boundaries, and the o r boundaries are
the diverging walis of the expansion nozzle. Lines 1 and 1' which

diverge from the model's lower and upper boundaries by ? and ¢ r

3]

rezpeciively represent the lower and upper projections ot the contin-

et

uous shock surface vetween 1 and 1'. The shock occurs all around
the power jet in the manner of a "warped conical’ shock. The line
indicated by 5 represents the intersecnion of the conical shock with
the nozzle. The Lines indicated by 2 and 2' are the lower and upper
projectior s of the "warped conical” free stream boundary which
diverce from the lower and upper model bourndaries by 8. and 8

13 l

re spectively ., The upper and lower control port entrances 1nto the




Figure 11-4. The Control Volume With Pressures, Shocks and

Free Stream Boundaries Indicated,

control volume are located at U-¢ and B-c respectively. ‘The appro-
priate pressures acting on the boundaries are also shown,

This control volume was « hosen because, included within 1t and

on 1ts boundar:es are the total causcs of switching and the boundary
cuondinons can be approxunated by reasonable assumptions. We will
assunic that the ¢namiber pressurc os high enough so thar the contiog
port cross-scotion downsiieatn ol the power (0! separation ts essen

natly sHll filled By the nower e s also as~umed that the pow: g
R ) ! i I
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jet fills the upper exhaust ¢ hannel, for the contiguration shown in

Iigure I1-4. When the power et Hills the tiow channel between the
control ports Ui-c and B-¢ then a low prossare region will existn the
vicinity ot U-¢ because of the power strean overexpansion. ‘Fhe
supersone flow effectively 1solates region U-¢ trom high pressure
sources that wouwld ra.se the pressurce of U-¢ because thuid cannot
flow around the power stream to li-¢ and pressure waves cannol reach
L'-¢, trom or downstiream of B-¢ ., across the supersonic stream
Thus unless this steady power fluid tlow situation i~ disturbed by a
control signal flow from port U-c the low pressure at region ti-c will
not change. With these conditions, tie assumption that the actual
switching phenomenon 1s governcd by occurrences in aad on the
boundary of the control volume 1s justified by the tollowing argument .
If 1the pressure ratio I’O/l’a 15 high enough to cause unseparated
supersonic flow to the cross-section indicaied by llne@, then schlieren
photographs indicate that supersonic velocities wils continue 1o the
spirtter up H shown in fligure I 1.0 Then the ilow conditions &t the
control volume exit will anly be affected by changes in the oblique
shocks and these arc¢ considered adequately in the contiol volume .,

The control volumnie o1 Iigure 11-4 15 shown tor the case where
the power tluid s diveried out the upper exhaust channel  The

charmboer pressure s a value tor which the tlow s sfable anad 1he

el et
VU

conditions 5hown are ‘nose which apply jast betore the power tlund is

tu be arverved 1o the bower channel by oioingec tion of conir ol flow at




U-¢. ‘Thesc conditions can be deter muned by using an isentiopic, one
dimensiwnal analys:s toi the mvisicid 11ec stream tlow and the br-
stable analysis tor the hourdar vy laver - =hock mteraction presented
heren .

When imnjection as 1rst begun &t - the tlow sepaiates near the
control port. As the conirol pressure l‘l . Inercases, the shock
angle cp[: IMCreadses I'nc ancrea~se an pregsure n this region causes
the tpper iree stream bhoundary 1o he datlectod towara the sphitier
tp. Condilions required by the steaos ~tatc =hock -boundary layer
mieraction analysits show that the poini of mmlersection of the free
stream boundai v with the nozzle boundary will move 1toward the nozzle
throat . Now if the control pressare n 'he U-¢ regron s mncreascd
only to the pressure whch € Xi=1s between streamlime 2 and the lower
boundary and it the cgual pressures on the top and hottom ol the jet
are mamiatned & synunetracal tlow separation will occur with
resulting flurd flow prom Loth exits Bt upper control prossure as
increased sliphtly abieve this ambient nressi e G ogsy i 0 al se p
aranon will occur with resulnng thaa tlow rom boih exits It the
upper conirol pressure as myvrea-ed =gy sbove this ambient
Pressure an asviminclnical separaton wall be vreated 1f the dpher
pressure tlurd ai U cannot Haw 3round 1he power =1 ¢ain 1o e

pousinon B« This asvinme 1M el scpa-stion will causc nore tharns

halt of the power strean o be grvertod oo the fowe s « xrt oo
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When the control nressure at U-¢ 1s large enough to divert a suf-
ficient quantity of power fluid into the lower channel so tha! the exit
flow begis to restrict the reverse atmaspheric tlow trom B-ex to
3-¢, then the pressure n the region B-o will begim 1o decrease,
leading to a decrease in the lower shock strength, and the power

stream will complete 1ts switch to the bhotiom exit channel. To

achieve the asymmetrical separation the pressure to which the concal

expansion nozzle tlows at the upper boundary niust be greater than the

pressure at the lower boundary. This higher pressure 1s achieved

with the control signal. Once the power stream tills the lower channel

then the pressure exposed to the upper portion of the jet by entrain-
mient from the atmosphe re into the muixang region s enough greater
than the low pressure near the lower wall that the control flow 1s no
longer needed to hold the (et in a stable position.

We wish to determine the variables which atfect the mechanics of
swiiching and their relation 1o the swiiching unie. Since switching 18
an unsteady process which involves pressure {forces and momentum
change, we introduce the unsteady momentum equation applicable 10 &

control volume .

e

ZF s == ¢ VdR - (;'7-\.' nias - 11-4

Specializang equation 11-9 for the v direction, we obraimn:

J

Yoo = sV AR+ [ Vode - |V ode 11-10
v at v .oV oul LV n

) R . ] h A '




where @ 18 the mass rate of flow.
In applying equation 11-10 to the control volume 11 1s advantagecous

to first consider Faigure -4, The tlow to the plane indicated by hine

@IS steady tor any model if }’O/l’f Is constant, ’lanv@m the
cross-section passing through the farthess upstream point of the
“warped contcal’ shock. Consider Figure 11-5(a), which 1s an
enlarged view of the contrel volume included between p]amf@and the
control volume downstream exit surtace, plane @ The reduced

control volunie shown as regrons Rl, R and R,; are enclosed by the

surfaces S,., 5_, Sl' 5, and S

3 _, S These surfaces are connected as
3

3

shown 1n Figure 11-5(h). Regions Rl, R, ate anular regions

and RR.

3
which are defined as the undeflected, deflected, and nxiag regions
respectively. Surfaces Sy By, and 53 are the exit surtaces assocts

ated with regions Rl, R,, and 1{3. These surifaces are shown msi¢
therr boundaries in Faigure 11-3(b) . This view ot the nozele allusirates

how the regrons and surraces are connected

surface S. 15 the prowciion of the sirong norton
i)

Wow i al
shock when the flow s all out ether the top or bottom exait The
limes 1 and 1' are projwctions of the sirong and weak portions res
tively, of the "warped contcal’ shock, snown m a general position.
Note that when the power fluid flows out one exit, 1 e o the upper ¢xit
then a strong and weak shock exist at the uppes ana lower nozsle oxit
boundaries respectively, and vice-versa tor all ilow ont the Tow e

exIl,

37
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(a) Nozzle Side View lilustrating the Upper and Lower
Shock Projections

2 - Free Strean
Boundary

1 - Shock Surface

R, - R TR*R,

Above the (t_
Below the d‘. R“

is defined simaidarily,

(L) Exit View of Comnrcal Nozzie Which Shows the Free
Stream Houndary and shock 2urfaces
at il Novsle Fixno

Pigure 11-5. An Enlarged View ot the Reduced Control Volume .
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To geta time for switching from one channel to the other, one can
wtegrate equation 1-10 with respect to time . Integraung trom the

begitming to the end of the power stream switdh, Lot BINES,

t K L
T dt - - o\ dRdr Vo du dt
Y al A Voo
1 ! R 1 b
1 ! . i ,
[ (2] [3)
"')
- \ dw dt 111
yooan .
S
"
(4]

It will be assumed that the same mechanics are anvolved at the
upper flow boundary when the power stream switches from the upper

to lower exit as occurs at the lower when the power stream switches

from lower to upper. IZquation I1-11 will thercetore be applied to the
switching phencmniena with the power stream mmtrally gomng out the
upper exit. When the flow switcnes from the upper 10 lower exit the
“warped conical’ shock 1ranslates and rotates until 17 1s the pro
jection of the strong shodk and 1 s the weak shock .

In equation 1I-11 terms [U], {2]. [3]. and (4] will be designated
as 11. 1,), 13, and 14. Constdering I‘2 frstoan may be vxpressed as:

L, * (o\"\_) - eV ) | dR 1i-12

1
2 ol
R

where the volume indicated by R s shown by }(1, R, and R Region
2

H -

R s cdefined 1in this manner because cach mdiradual volurme will he
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considered indivaidually when equation H1-11 1s applied.

Consider term [1] of equation 11-11. There are pressure {orces
acting on the surtaces of the control volume and these include torves
duce 10 the control signal. Conodder regions Rl,‘ and RH oi Paigure 1105
and 1t 15 evadent that the forces acting on the surface 55‘1? and SS-H
cancel because of the axial symmnieiry of the undisturbed supersonic
flow in the nozzle. The vertical forces on surfaces Sl' S,“, and S3 are
zero. During switching the surface pressures on h-}-U and \4 1‘ re
continuously changing. This is due to the translation and rotation ol
the upper and lower shocks and the changing control pressure.
Although the forces produced by these pressures are opposttely
directed on the control volume, the mmtegral of their magmitudes may
not cancel during the switching tume .

The forces FC(I) produced by the control signals 1in gencral may
vary with time as indicated schematically in Figure 11-6. The {orce

resulting from the control signal can be divided mto thiee regimes,

;.ﬂﬂmuuu.\u@__.

B E !
Ta

A .

1. 1,)

Pigure 11-6 0 Varniation of Foree Produced by Cuntrol Signal
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the off control, control signal building, and the tall or tinal control

signal. When 1<t then equation 11-11 be oMmess
i

i e N
Ll-‘ dv - o v{v n)ds | di
S

,_.

wiich s the equation tor sieady tlow since the streans o, e and

forces are not changin with respect 10 thme . Whea r o< 1< 7. hen
I P

].
e T2
I*de - t(1) di -13(a)
1 ¢ T
1 !

where f(1) 1s the function which describes the mannetr v (h e

control signal builds. [or T, <1< ) then

2
- bR - S 0 - RIE
1( Gt 1(3( b T TNy, H13ah)
T2
Forv>1, then a steady flow siuation exists siiniiar 1o that tor 1 < 7

The integrals of the forces 1 e

Yodi O ion Aciing onothe stenn

during swiiching are then,

The mmtegrals over sutrace .\_} , end .\4 ' depond on the was e

shock fransiates and 1o1ares dur g swaic g Ty

HEdsih) niest be Constde 104 whon cvaluaiing the i d e, sl i,
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cyguation - 14, whisch will be detined as the total for Coover both

cantrol port arvas .

Now consider 1o (1) o cqaation 1T 1Y Vg the 1elation

dw oV we olnan, Tettimg S C he the Conrpol pori arca,
n

3 ‘.)
I, - ol V ds  dd e\ ds
11 ‘ < AR mn \ < Yy on in
] 1 o U
! oV U ds . N di il-15
. Von 1n L Vo 19!
S. SC ‘
2- B

These are the pPromars morsenmun: mfluse 5|

For some streamline located by & (sce fagure 11-7) trom the

model center hine the quantities pas=ing irough the surtace S

Csep 2
\'\_T-\' s €, \") “Nsmé - -V s (e T, 5) so,
2
1_“ - eV sm S s (o - o, - 5) (15!” di

Using the AMach Nurnsber defantion and notig that the ntlux o molnen
I3 g

U Across S_ t<independent of Vine we obtam,

RENE
A . 2
] - N XY msin 26+ nocos 26 -l ds
11 2 . ' n
R
5- R
- 16(a)
where mo - sy - Voandn - tosla - oo ) A similar
Max Miax
developienn car be niade jop s jace s, 1 Tne relations,

H
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) Kl
1 ! k-1 200208 1)
— — {1 » i 16
\/ \t S L}\ 1 1 5 MT) 11-16(hH)
N1
2 2 "Pu h
M5 T -1 ii- 160¢)
and
”t( ’ "\1 1) »
) 7 - 11-16(d)
Jotan &

provide a reiationship between @ and the pressure P The variable g

15 defined 1 Fagpure -7 Integrals over S0 and S,
o

cancel 1f the
-8

model 15 symmetr ical since the vertical velocity components are equal

but opposite

The last manner 1o whiclh momentum flux can ¢ross the suriaces

nto the control volumie 1s across 53 Across H?-l and S?'B there s

flux both in and out of the rogion because of entrainmen: from ambient

into the so-called maximg 1egion. As shown in Fugure [1-3, tnere as

momeritun flux mto the region trom the atmosphere . This mass
must also leave, so the atmospheric tlow enters and leaves 1{3
between the free stream boundary and moael boundary .

The total

monicntun: flux into the mixmg regiron s then,

14) v VOV ds . v VOV ds ot
2 \ < voonan S v onooin
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This muning 1s difficult to define explicitly and simplifying assumptions
will be made in dealing with .
Term [3]) will now be conswdered in relation 1o the surfaces Sl’

o 53, .‘*54 and S_. There is no momentum flux out of surfaces S, or
2 5 5

54. The i1ntegrals l? for these surfaces thus are zero. The momentum

D

flux out RB through S, and Rl

3 through 53 1s between the {ree stream

boundary and modcl boundary and 1s given by,

(Y]

1 : V V ds “ vV o ds t
31 P Y n Huut o v n(boul d

A IT S3
11-18

This integral is due to the second portion of the mixing region

Integrais 1, and I._1 over surface S, 18 the integral ot momentum f{lux

3 3

duc to the reverse flow from the atmosphere and some small portion
of the power fluid from the boundary layver nuxing and tlowing out ol

region HS together . 1For surtace .'*2_“ and .\‘37‘, erm [3] s,

1
1 -~

I,, - eV Vo ds * eV V' ds dt
32 . vy onooout vonooout

11 14%(a)
which 1s the flux out of the control volume aticr (rossing the shocks
1 and 1.

IPor surfacc 51 L and .\'] p ferm {3j 1%
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I.. - pV V ds + pV_ V ds dt
33 ) S y n out
1 1-U 1-R

11-20
When shock ) rutates toward the lower boundary a portion of the lower
control volume will contain fluid which has not crossed the lower
shock . This 1s easy to observe when the apparent shocks are in the
intermediate position shown iu Iigure II-3, The integral of momen-

tum flux over surfaces Si-u and SI-B in equation I1-20 include all the

flux leaving the coatrol volume exit which doesn't cross the apparent
shocks.

Time Y has beer designated as the beginning of the switching
phenomenon. Between times 4 and t2 the shock angles L2 and @y

are changing. Consider the integrals over Sl' 82 and SB' It can be
seen that the values of the integrands of these integrals vary with
time because of the movement of the shocks through the control
volume .

The conirol volume is determined by PO/Pf and K according to
the location of the shocks as given by equation 11-6, 11-8 and II-16(d).

When the control volume is determined computations can be per-

formed to find the switching time of the power fluid from

Yy
[rv.. + 3 +F ]dt - [(p VOt - (p VO ]dR
5 : A2 Sy
ftl S4-13 Ss-u ¢ R 3 3

(1] (2

-
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oV V ds |dt
¥y n oan

dt . I1-21

ot

[7]

The numbered terms are those developed previously and are defined
as: [1] the forces acting on the control volume 1n the v direction, [2)
the change of momentum within the control volume from the aal 1o
final flow configurations, [3] induced influx of momentum acress sur
faces S3. [4]) primary influx of momentum due to the power fluid and
control fluid, (5] the efflux of entrained fluid and a small portion of
the power fluid, {6] power fluid efflux whose direction has becen
changed by the shock system, and [7] power fluid efflux whose direc-
tion 1s not changed in the control volume.

Fquation I1-21 is derived 1in a general form and may he used 1,

calculate switching times in different amplhifiers ot a simnlar geonetr s
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In applying the equation each term must be evaluated for the partic-
ular model under consideration.

In solving this equation for a switching time it may be noted that
when the shocks have reached a steady state position the power stream
has switched. Thus if one knew the time required for the shocks to
assume their final position one would have the switching time., The
time At does not appear explicitly in equation I1-21 therefore a numer-

ical scheme of computation utilizing 8 computer is, in general,

necessary to obtain a solution for At.




IHI. Description of Experimential Apparatus and Methods

A, Apparatus Description, Theory and Arrangement

As mentioned in Section ] the purpose of the experiments was to
provide qualitative and quantitative information so thet insight into the
mechanics of amplifier operation could be gained. 'T'o obtain this in-
formation two separate data recording systems were utilized for most
of the tests described in this section. The first of these consisted of
a schlieren system and a high speed camera which recorded ihe shock
system within the flow photographically. The second data recording
system consisted of pressure transducers, amplifiers and an oscillo-
graph which recorded various pressures of importance within the
amplifier. These data recording systems, in some instances,
furnished information regarding the same phcnomenon in two com-
pletely different manners. Ior example, from observing the high
speed schlieren film it can be determined when control flow 1s being
supplied at a particular port and also by which exit the power {luid
leaves the amplifier. This information can also be obtained by
observing the values of pressure recorded at the control poris and
exit channels,

The power fluid was eiither nmitrogen, supplicd through a manitold

and pressure reducing valves from standard storage bottles, ar

40
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hydrazine, supplied from a hot gas generator. 'The nitrogen bhottle
reservoir was located outside the test bay which housed the equipment
shown in Figure 11l1-1. The hydrazine generator was located inside
the test bay close to the model,

The schlieren photographs were obtained utilizing a six inch
schlieren system manufactured by the Aerolab Supply Company ¢/
Hyatisville, Md. The components used n these experiments can be
identified in Figure I11-1 as the light source, two mirrors and Knife
edge . This schlieren system and a llycam high speed camera were
used to record the shocks and flow system in the amplifier. The light
was supplied as a line source, and diverged to compiletely cover the
first mirror which had a large radius of curvature. The light source
was placed at the focal point of the first mirror so that the reflected
light rays leaving the mirror were parallel. The reflecting surface
of the second mirror was just covered by the light received from the
first mirror since the rays leaving the first mirror were parallel.
The second mirror focused the light and reproduced the light source
image at the knife edge which was arranged parallel to the image and
then adjusted to intercept approximately one half the light. Across the
knife edge the light column diverged. The location of the camera was
adjusted such that the 1mage projected on the film would just cover
the film . Thus the six tnches shown between the knife edge and cam:

era would be different for different cameras.,
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Care was taken to align the model and hight system such that the

model's test section lay in the x-y plane and the hight coming trom the
first mirror was perpendicular to the x-v plane. ‘The angles o 1 and
0, were keptless than 15", The lLight source and knife edge were
located on opposite stdes of the parallel night to reduce asymmetry ol
the 1mage (19).

The schhieren system makes densiy gradients visible i terms of
itensity of llununaton. A Light rayv passing through a tlow tield will
be detlected 1t there 1s a densuty gradient normal to the hight path.
This deflected ray may eithier pass or be intercepted by the kmife
edge, which thus deterniines if the 1llununation 1s increased or de -
creased at the position on the screen which this ray should illunuinate .
Consider Figure 111-2(a) where the gas flow 1s two dimensional and the
circle with a dot indicates that the light 1s coming ou! of the page as
1t leaves the test section. Now if there 1s a density gradient an the v
direction in the vicwnty of the 1ay 1t will be deflected up or down
depending on the gradicat. The boundary layar could be distinguished
from the supersonic flow field, for example. 11 a normal shock
exists as shown, and since there 1s a large gradient across 1Y, the
light rays passing through it will recewve a AGX detlection in the
viciniy ot the shock wave. The gradients observed depend on the
orentation ot the kmite cdge 1t the kmite edge 1s located along the x
axis then hight rays given a 46 v detlection arc passed o1 intercepted

according 1o whether A6 s positive or negative., 1
: v
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The light rays are deflected by the densny gradients because the
index of refraction varies approxutmately hincarly with the density .

The index of refractionas detined as no- oy where oas the velocity of

Inrcction ot Light

O

Plow b _ 1 as

Direc tion N
>"‘ ol
]
. /'
\ iterimp T )
:\ Taght Ray L
\_ Boundaty Nornal po——— f
Layer Shock
(a) (ix)

Fagure 111-2. Tttects of Densiiy Gradients on Taght Ravs .

Light in a vacuum and v 1s 1is velocrtsy i the eeamrn of aindex n

The imdex of refraction 101 ordmary gascs is grooi by

= 11

where k1 15 a constant.
The changes an hight mtensity can be mncasured to get nutnet 1o al
values for the changes vndensity by using o Bight sonstve i

This procedure was not tsed an this progect

Tue camera used o make the boaph spac o naon g ety cnoon the

switching operation was & nioded K204 Hacan Lo specd caimner a
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1t was manufactured by Red l.ake l.aboraiories at santa Clara, Cali-
fornia. A Milli Mite Signal Generator was used 1n conjunction with
the camera to determine the speed with which the event occurs to an

accuracy of 1 57%.

Signal to
Camera Film

I AMicro

| Switch Signal to

Co —— Oscillograph
110 Volt B Recorder

AC
Vower to 110 Y-
camera AC Milll Mite
motor Power to Signal
Nalle Nate Generator

Figure 111-3. Electrical Circuit of Camera and Timing Signal .

A diagram of the electrical wiring connected with the camera,
Milli Mite signal generaior and oscillograph recorder 1s shown in
Ifigure 111-3. With this arrangement the camera and - ccillograph
recorder both experienced the results of the electrical signal, pro-
duced by the signal generator, at the same time . The signal pro-
duced reached a maximum voltage at the rate of one thousand times
per second. A small hight bulb 1in the cameacra was energized by this
signa’. ‘The bull was positioned such that some o! the film frames,

which are recordimng the event taking place. have a small area
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exposed to the Light from the Lulb. The number of frames exposed to
the signal depends on the film speed in the camera.

The signal which energized the bLilb was also utilized in actuating
a galvanometer in the oscillograph. Actuating the galvanometer
caused "pips’ to be produced on the oscillograph paper on which the
pressu.e time record was being recorded. ‘The parallel wiring
system shown 1n Figuire 11I-3 made it possible to use the same viltage
signal o energize boih timing light and galvanometer

As shown n Figure [I1-3 the electrical power to the signal gener-
“tor was controlled by a microswitch inside the camera. The micro
switch closed after one hundred feet of a two hundred foot :c¢ll of f1lm
had been used. The signal generator was then encrpoized and began
to produce :ne signal which energized the timing lignt and galvano-
meter. In practice this arrangement sent a strong signal to the
oscillograph recorder, which needed very hittle power 10 operate the
galvanometer producing the "pips' on the oscillograph paper . The
signal to the camera was not strong enicugh, immediately after the
generator began operation. to energrze the timing hight bulb. A
Letter wiring arrangement nught have been one whidch sent the output
of the generator through the camera micro switch heiore the camera
was turned on. This would have allowed the generator to warm up so
that 1t¢ maximum output could bve delinvered when the switch was

closed




sSince timung marks were not distinguishable on the film a portion
of the film at a known frame rate was used to obtain shock angles
during the switching process. This nilm strip was determined from a
speed vs time calibration graph. All the high speed test t1lm was run
with the camera controls set at an indicated 5000 frames/second. A
calibration curve was obtained {rom film that had heen run at this
camera setting and also had the timing hight marks. This curve
indicates that approximately {ifty feet of a 200 foot roll of film ran at
the constant speed of 5000 frames per second This section of the
two hundred foot roll of film was used to obtain the shock-angle vs
time curves of Section IV,

To observe the developed film, a 16 mm projector was used.
The projector could be operated at the standard speed ol 32 frames/
second or the film could be advanced frame by frame. To obtain data
such as shock angles, free stream boundaries, scparation posttion
and the intersection of free stream boundaries with shocks, the 11lm
was viewed frame by frame. ‘Thesc values wire r1ecorded tor all the
schileren cinematographic data obtained, and are presented graph-
cally when possible in the experimental results section.

Shocks and free stream boundaries werce very faint in some « ases
when hydrazine was the power gas. The gas was very hot and in the
small test roum the accumulated gases and induced density gradients
on the outside of the model reduced the visibrlity of phenonmena which

were occurning in the model . Since personnel coulg not be an 1he




vicinity of a hot gas test, the knife edge could not be adjusted during

the test to improve the initial setting. The pressure recording system

began with pressure pickup, using Consolidated [lectrodynamics
Corporation (CEC) pressure transducers. The clectrical signal
generated was then armplified with a carrier amphificor to the desired
value. This stgnal was then applied 1o a galvanometer which rotated
according to the applied voltage. A small mirror directed a high
intensity light onto light sensitive pi er . ‘This paper was driven at a
constant speed so that a pressure-time curve was obiamned

Table 111-1 gives the type and important characteristics of the

equipment used in the pressure recording system.

Table T111-1. T'ype Pressure Recording Fquipment Iimploved

Range Natural Per cemt
(ps1) Prequency 1o ps)  Accuracy
Pressure transducer 0 to 23 and 10, 000
CEC 4-326-0003 010 50

Pressure Transducer 0 to 500 and

CEC 4-326-0006 0 to 1500 10, 000

Galvanometer CEEC 7-323 1 000 257
CliC 7-326 5,000 13

Carrier Amplifier 1-127. 20KC 3, 000 1

fregquency response flat at 3000 cps within - 1%

The complete pressure yecording svstem was cahibrated ar the

Legmning of ecach test day This was a static calibnation and was
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accomplished 1n the fcllowing manner ., All transducers tn the 0 to 25
and 0 to 50 psig range were attached to a prefsure manifold. which
had a bourdon tube pressure gage as the pressurce measuring standard
Air pressure was applicd to the manold. anag thus el gapes werne
cahibrated =imuliancousty . Pressure was opphica m D psig it
nents until 15 pyig was reached and i 5 an Hg vacuun unil 2000 Hy
was tvached, When cach static pressute was obtarned, the oscillo-
graph recorder was s1arted ana & short scgment ol peper obtaimnca
which contained the deflection from cero reprosented by the partic ula
pressure apphied to the indivaidual transaucer s X cabhibranion shect
sinilar 1o rgure [ -4 was made 11om these doe’ections whore the

spaces between cach deflection are subdiviaed hinearly
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In Figure 111-5 the positions of pertinent flow dimenstons of the
model are indicated and in Table 11-2 dimersions of importance arc
tabulated. In Table III-3 the significant nodel areas and area ratios
are abulated. IFigure 1li-6 shows a drawing o the model assembled

for testing.

Table 11i-2. Model Inumensions

All dimensions are in wnches .

i'hroat diameter - 0.0745 * 0.0001

Diameter at exit of round nozzle - 0.323 » 0.002

Vertical dimension of the flow path at control port - 0.330 : 0.003
Thickness cf flow channel - 0.314 * 0.0005

Top exit - 0.314 * 0.0005 by 0.420 * 0.003

Bottom exit - 0.314 * C 0005by0.420 » 0.003

Entrance to top channel - 0.314 7 0.0005 by 0,450 » 0.003
Entrance to bottom: channel - 0.314 < 0.0003 by 0 430 = 0.00s
Diameter of static pressure opemings - 0.040 - 0 0005
Diameter of pipe leading to model throat - 0.190 - 0.002

Control port throat - 0 314 * 0.005 by 0 048 - 0.00¢
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Figure 1II-5. Flow Positions of Importance
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Tahle 1I1-3. Model Areas and Area Hatios

R )

Area of control port (A(‘) - 0.314 x 0.048 1.51 x 10~ n"

™ 2 -3 2
Area of nozzle throat (.'\1) 2 -4— (0.0745)° ° 4.35x 10 3 in

2l -} )
Areca of nozzle exit (A ) - -:— (0.323)° 8 20 %10 " in”

re

-1
Areca of channel exits (Aex) 0. 420x0.314 - 1.32x10 n

Area of entrance to channels ('\On) - 0.430x 0 314 -

)

1.35% x 10“ in~

O

Nozzle half angle < 14.0

B. DModel Description

In performing the experimental work care was taken to follow
procedures which made the results of the exporinient repeatabile and

ameanable to analyvsis. The purpose of this scction s 10 describe

the model, each experiment and the methods and proccdures cmployved

in performing these tests.,
The expansion nozzle trom the stagnation «hamber 16 poxition
U-c¢ and B-c was axisymmeltrical and comcxl with a nonnnial o apan

sion ratio (/\n/:’\l) of 1 and a half angle ol ¢xpansion ol 19 At ahe

con‘rol por!s the cross section s discontinuous  The channed trom

this position to either exitas roctangular . Posinon 1l as the sphitie

tip which as the beginning of the separate outou - banine b It

different posi10ions 1o Which prossure Bes-Uro e il W pe o of e s

in the tests are B-o, B B-20 Voo 1 -1 U2 ancd D T he o mmier




Figure Il1-6, Model Assembled for Teating
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pickup at position B-n was installed, aftey the mamn experiments had
been performed, to determine additional infor mation i this vicinty
when the an phitier was operated in ts bistable regron with ne control
flow .

The flow cross-scction trom the conpol - )sition o cach channel
exit was vistble hecause glass was used as the tlow chaanel side
walls . The upper and lower channel sections and the sphitter scction
were sandwiched between one half mch thick plass walls Waith tlow
visualization methods 1t was then possible to obscrve the jlow and
shock patterns. Positons t-vand B v were originally antende d to be
vents to the atmosphere but were closed bhecause they only =crve a

purposce when the amphifier supplres the control saignal tor another

There were seven tests, or series ol test=  pertormea using th
model shown in Figure 111-6  Betore assombling 101 cach tost the
model was hecked visualiv to m=urce thar the thin rubher gashe s
witich seal the flow channels 1o the glass side walls wioro noi damage o
After cach test the model was disassembiled inorder to cloan the
piass walls, and this frequently resulted i damage Lo the b gashols
When the model was reassembled 1t was realignieag usimg 1wo g,
posinioning blocks inserted mto the upper and Towe o« xnis Aot thie
glass pressed nirmily agamst the two Blocks o the it channels 1The
ALPIopUiadie SeCuring screws Wore tiphto i g Thas care ansuroa tho!

the How channels remained cssonially the soe dor cacn b g iae
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atmospheric air did not leak into the low pressure flow regoons.,
Nitrogen was always used as the control signai gas and was used
as the power fluid except for two test!s 1n which hydrazine was uscd as

the power flmid. Results of the tests are given in Section 1V

Test series 1 - Amplifier Bias Determination

Description of test conditions -~ No control flow was used.

Purpose of tests -Ranges of supply pressure were mvestigated to

determine whether the model exhibited tendencies to flow out either
the upper or lower channel exits.

Test procedure - The power fluid was increased both slowly and

rapidly to determine f 'é}’o/ 31 would cause any bias. Pressures
were recorded manually when significant and the reason for the

significance was also recorded.

Test series 2 - Determination of Bistable Range

Descripiion of test conditions - With no control flow or pressure

signal applied the pressures at 3-n, B-¢, B-1, UL-¢, B-ex and UV-ex
were recorded as the chamber pressure, 3’0 was slowly mcreased.

Purpose of tests - This test was performed to (1) demonstrate the

bistability of the amplifier and (2) to obtain a record of the pressures
created at the positions B-n, B-¢, B-1, and U-¢ and (3) 1o deter mine
the amplifier's bistable range. Pressures at B-ex and U-ex identify
the outlet flow exat,

Test procedure - (1) The oscillograph was started and (2) the power
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fluid (nitrogen) supply pressure was slowly increased as the experi-
menter closed the bottom exit (13-ex) with his hand to force the flow
out the upper exit (U-ex). When the PO was reached for which the
power flow would continue to flow out li-ex without the aid of the
experimenter's hand, the hand was removed. PO was Increased
slowly from this pressure, for which flow was steady, stable and
leaving the model from U-ex, until the flow split. This same pro-

cedure was followed when the flow was forced out 3-ex.

Test series 3 - O1l Flow PPattern on Glass Side Walls

Description of test conditions - Patterns were observed both with and

without control flow. No pressures were recorded except l’o.

Purpose of tests -~ By observing the manner in which the flow near the

glass walls forced the oil to flow on the glass walls some characier-

1stics of flow in the main stream could he ascertained.

Test procedure - The power flow was directed out an exit by using a
control flow, or by hand, and o1l was injected 1n the other exit
channel. The flow patterns on the glass walls were observed and
recorded by hand. This procedure was performied i the bisiable

range with and without control flow.

Test series 4 - Slow Speed Switching, Cold Power Gas

Description of test conditions - Solenoid valves were used 1o actuate

the control signal. Pressures were recorded at positions U-¢, 1 -1

-2, U-ex, BB-c¢, I3-1, B-:, B-ex, }’O, and ., lhgh speed (5000
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frames per scc) schlieren motion pictures were taken of the switching
phenomena. The power gas (nitrogen) stagnation temperature was

essentially the same as ambient (these are referred to as cold gas

cests).

Purpose of tests - The schlieren motion pictures and the pressure

data were recorded during a switching process. Later the pictures
were observed at a greatly reduced speed and also analyzed as stat-
ionary frames sc a better understanding of the switching phenomena

could be formed,

Test procedure - The schlieren light system was arranged as shown
in Figure 1I1-1 and the high speed camera adjusted and loaded with
film. ‘The soleroid valves were wired through a single switch so that
one of the valves was open while the other was closed and vice-versa
Thus with the equipment preliminaries satisfied, the high pressure
nitrogen source was rczutated down until the desired chamber pres-
sure, for which thc test was to be run, was achieved., Next the
solenoid valve switch was operated by hand at the rate of two or

thre : cycles per second. Afrer the model was operaung, the oscillo-
graph recording mechanism was started and immediately thereafter
the camera and timing system {see IMigure 111-3) were started. When
a two hundred foot roli of film had been run through the camera tne
power gas, control gas and pressure recording system were turned
off . The filmy was identified and stored for re luction at a later tune.

This procedure way perfermed for charniber pressures ot 1260, 1000,




800, 600 and 250 psig.

Test series 5 - liigh Speed Switching, Cold Power Gas

Description of 1est condiuons - A flueric oscillator, was used to pro-

duce i1he conirol signal in this lest so that there were no mechamnical
operations occurring anywhere 1n the control flow path. Pressures
were recorded at the same positions 1n this test as 1n test 4, and
schlieren motion prctures were obtained 1in an identical manner .
Again the test was essennially a cold gas test

Test procedures - The schlieren light systemn and camera system

procedures were i1dentical 1o those outhined 1in test 4 Test D was run

for chamber pressures of 1200, 1000, 800, and 600 psig.

Test series 6 - Slow Speed Switching Hot Power Gas

Descripuon of test - The solenoird valves of 1est 4 were used to actua‘e
rif

the control flow. Pressure existing at the same positions as an test 4
were again recorded and high specd schlieren photographs were again
taken. The power gas wa. produced with a hvdrazime generator,
Liquid hydrazine (.\le|4) was torced into a steel nressure chaniber
heated imtially with an clectrical coil to approximately 1_’00” I3

This femperature caused the hvdrazine 1o vaporize and decompose
1170 .\'113. 112 and \3 I percentages which vary according to the gas
tempera'ure . The decompostiiion of the gas released encrgy which
mcreased the temperature oi the gas leaving the gencrator o gpproxi-

y
mately 1700 o 18007 1" at a pressure of abow 1400 peig
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Testprocedure - The light system arttangemet was wdentical to that

in tests 4 and 5, The camera system was wdentical except a remote
cont-ol switch was added 1o the camera.  After a1l hinal adjustments

in the vicinity of the model were made all personnel left the area of

the model since the hvdrazine gas s extremely dangerous . The hot
gas gencrator was started by a qualified operator inside the control
room. The control flow was alsc actualed to prevent overheating some
part ot the model, When the desired chamber pressure 1o the model
was achieved and the hot gas generator was operating 1n a steady

state condition the pressure recordmng was begln and the camera
started. When the 200 feet of ftlm had run through the camera {less
than two seconds) the hot gas generator and pressute recording svstermn
were stopped. Film and pressure data processing procedures were
the samiv as ini lest 4. Test's were periormed tor chamber pressures

of 1250. 1150, 1000, 800 and 600 psig

Testseries 7 - High Speed Swatching  Hot Power Gas

Description of test - The oscillator described in test & actuated the

control flow n this test. As an test 6 the schlieren and camera system
adjustmernits were conipleted and all personnel cleared from the lest
area. The hot gas generanng svstem  as describad intest 6, was
used in s test

Test procedure - Because ol time himitaiions only one test was com-

pleted using hot gas and the oscritator This was pertormed at a

chamber pressure o 1000 psig The procedure antest 7 was essen
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tialiy the same as that of test 6 except tor the different methoa of
actuating the control flow

Ioxcept for mimor adjustments, lests 4 3 6 and T were all
c¢onducted 1 the same area without any change nahe light or camera

system




Vo Analysis ol Resulis

A computer program mcorporcting the histable analysis of
section il was written to gsotermine 1he quantities 9 & .\l .-\l/:\1
\1] and })lll)t by varyving the rano }’nl l’l These quantities have been
calculated for the amplitier gesciibensan Secaon il with values ol k
140, 1.360 1.32, 1.28 1.4 1.20. 'The program uses an iterative
process to solve 1or values of Po”): which satisiy e-juations -6,
I1-7 and -8 . Results trom expernimments de~ciibed o Section HE are
presented and compared to theoretical values 1n the tollowing develop -

ments when applicable

Test Series 1 - Amplifier Bias Determination

No consisten! bias was nbserved. }or supply pressures above
200 psig the flow approsimately spitt betweon the iwo exits. [1 1oreign
matter was deposited along one bour dary the tlow tended to go out tne
opposite €xit El’n/ 2t did not atlect the € x0t by which the power tlud
lett the model.

Test Sertes 2 - Deternunation ol Bistable Range

When power suppiy pressures= ol approximatcly 550 psig were
reacherd the power flura woula 1low vuf erther the upper or Tower sy
without tarther assistance irom any S0l I' the supply pressure
was nejrase d atter @ stabbe supply pressure was reached  stabile flow
cut vither exait continaed antl the suppl - ecressure rcached agbout 1350
p=ig . Lhe fower it s repeatabie wattan 2 50 psg while 1o upper

Linnt tends 1o vary approstmarely - 109 paig Fogure IV -u ~hiows the

S0
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pressure variations in each control port vicinity with the supply
pressure when the power fluid was initially forced out the upper exit
for three secparate tests. Similar results were obtained when the
power flow was forced out the lower exit.

Test Series 3 - Oil Flow Pattern on Glass Side Walls

The oil flow patterns observed on the glass walls were essentially
the same with or without control flow. When control flow was used
the effects of its vertical velocity were apparent in the control port
region,

Many different camera techniques were tried 1n attempts to record
the flow patterns photographically. These attempts were not success-
ful because the cameras anJd photographic equipment avatilable were
not adequate.

Although photographs of the flow patterns were not obtatned the
patterns observed helped in formulating the flow separation model
showr 1n Figures 11-3 and [I-4. The line in the figure indicated by @
appeared as a thin circumferential ring of carbon around the nozzle
boundary. As the supply pressure was increased this carbon ring
approached the exit of the conical nozzle .

Wher the power flow was directed out the upper exit, carbon
particles on the glass walls indicated this. Air from the atmosphere
was detected entering the lower exit as 1t flowed past! the experimen-
ter's hand, which was held n this vicinity. Graphite partcles inde-
cated that this reverse flow was entrained by the power streaimn and

left the model by the upper exit,




72

Test Series 4 - Slow Speed Switching, Cold Power Gas

Solenoid valves were used as the control flow actuators so that it
could be certain that control flow came from only one control port.
Since the power that actuated the solencid valves was controlled
manually with a toggle switch, switching speed was on the order of two
or three cycles per second. The high speed film data indicates long
periods of steady state operation, which is confirmed by the oscillo-
graph data.

Data obtained during the switching of the power jet are not ana-
lyzed because the solenoid valves bounce off their seats when closing.
This is apparent from the film because of the cscillation of the power
jet and also from the variations of the contrcl pressure signal re-
corded by the oscillograph. Since the BPC/ 3t was not always positive
during switching, when using the solenoid valves, the shock angles
versus time data were not taken from the film. Vaiues of PO/PC
versus the strong shock angle, reduced from portions of the film and
oscillograph records when the model operated at steady state, are
plotted on Figure IV-8.

Test Series 5 - High Speed Switching, Cold Power Gas

The flueric oscillator supplied a control signal such that the value
of 15‘C increased approximately linearly with time. PC usually reached
a value between one third and one half of the total switching time, that
was held until the switching was complete. Figures IV-10, 11, 13 and

14 show plots of I’C and shock angles versus time for the various
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supply pressures. Both Pc and ¢ are plotted versus the same time
scale in each figure. It can be seen that PC reached a steady value
before the shock angles stop changing. Figures IV-16 and 17 show
photographic switching sequences for supply pressures of 1200 and
1000 psig.

The information presented in Figures 1V-10, IV-11, IV-16 and
1V-17 is representative of the data which was helpful in formulating
the flow model and equations to describe steady state flow and the
switching process. These figures are discussed further when specific
points are discussed in connection with the flow model and equations.

Test Series 6 - Slow Speed Switching, Hot Power Gas

The objective of these tests was to determine the same type
information as recorded in Test Series 4. Again ihe solenoid valves
displayed poor seating characteristics. Thus since the clarity of the
photographic data was also very poor this data was not analyzed.

Test Series 7 - High Speed Switching, Hot Power Gas

Only one high speed switching test at a supply pressure of 1000
psig was completed satisfactorily. Data from the oscillograph record
is plotted in Figure IV-12. A phctographic switching sequence simi-
lar to those of Figures 1V-16 &and I1V-17 are not shown here¢ hecause
all clarity of details 1s lost when going through the necessary repro
duction processes. Results of this test are compared 1o the flow
model and the cold gas tests when possible in the following discus-

sion,




74

Figure 1V-1 shows the area ratio at separation as a function of
PO/Pf which was chosen as the independent variable since this ratio,
for any particular model geometry, is known to affect the separation
position. As Po/Pf increases, the separation region moves closer
to the nozzle exit, This phenomenon was observed experimentally by
the author and Mr. B. J. Clayton of the U. S. Army Missile Command
when running test series 3 during which an oil-graphite solution was
injected into the amplifier and PO/Pf was varied by varying Po. The
stagnation region in the nozzle was visible because of the light circum-
ferential ring of carbon formed on the nozzle boundary. Referring to
Figure II-3 one can see that both upstream and downstream of the
separation region there is flow near the boundary and toward the
region, Thus the separation region is the only region where the
carbon particles can remain ai rcat,

[i can be seen from Figure IV-1 that for any value of F‘O/Pf the
area ratio at separation, AI/A[, increases as k decreases. The
estimated value of k {or gaseous anhydrous hydrazine 1s 1,29, and
there 1s uncertainty in this value. The uncertainty is due partially
to the unknown dissociation and its affect on the value of k. Assuming
the average value of kK = 1.29 then hydrazine will separate farther
downstream of the nozzle throat than will nitrogen under the same
conditions . One thus can deduce that each has its }’O/Pf range of
operation. It can also be seen that the difference in Ai/At between

different k values increases as I‘O/Pf increases. With X: defined as

e em o bkt
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the distance from the nozzle throat to the separation position a plot of
Xi against I’O/Pf would be expected to yield a trend similar to that in
Figure 1V-4. The calculated curves of Iigure IV-2 confirm this,

The experimental .\’1 values plotted on the same graph indicate a simi-
lar trend although it can be seen that a line connecting the nitrogen
and hydrazine points would cross the curves for different k values.,

A change in PO/Pf may affect the temperature and percent dissocia-
tion of hydrazine and thercby cause a resulting change 'n k whichas
indicated in Figure IV-2. This tvpe variation indicated by the exper:-
mental points for nitrogen is not expected. The variation between
calculated and experimental values could be due to the reduction in
cross section of tne inviscid tlow region caused by boundary layer
growth, This reduction was neglected in the bisrabie theory develop-
men.. ‘The figure insert on Faigure V-2 shows how the boundary laver
build-up can cause error in the calculated and expuerimental values of
Z\'l and Mi' Although calculations using the bistable theory indicate
the flow should separate at ,\'] the growth of thie boundary layer
reduces the effective arca for flow and thus the actual separation
position is at X,_,.

The experimental values of ,'\'1 were obtained graphically in the
following manner. Using projections of the schlicren film, a line,
tangent to the shock at the nozzle ¢xit, was projected 1o the nozzle
boundary . The distance from this mterscectron to the nozz)e throat,

measured parallel 1o the model axis, was the expermmenial N .
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Figures 1V-16 through 1V-22 show reproductions of photographs made
from the 16 mm film. Film of this type was used to obtain the values
of '\1' Ty and @ Since the experimental value of )\'l for nitrogen
and l’o/l’r £ 03.0 lies closc 1o the k - 1.40 curve but departs from this
cucve as X decreases, it can be seen that the accuracy of the shock

i

projection m«thod decreases ac the intersection position raoves
nearer the nozzle throat.

Figures IV -3 and 1V-4 indicate the calculated Mach Number in
the vicinity of the separation region and also the values of I"C_."Pf and
Pilpf respectively, at which the flow separates. Borth figures indi-
cate that as I’f 1s lowered the separation Mach Number increases for
a given fluid, At hugh altitudes this might require an increase 1
conirol signal pressure to insure amuliiier operation,

Figu..e iV-3 shows the relatiun betweern the presgure ratio P“;’Pf
and the angle the obligue shock makes with the niodel s boundary.,
These angles are calculared downstream of the separation position
and outside the hounaary iaver. Fronm these curves it can be seen
that ¢ decreases as I’O/Pf increases. tnus, even !f the genaration

region is Iixed, there is some (P “,f)m'x for any amphifier for
- ‘d

which the angle ¢ .s too simail to direct the iree stream boundary
past the splitter tip. As I’(/i’f decreases 1y increases and will

)
become normal 1o the fres siream boundary for some value (P()'/Pf)\"

For ¢ - o, we know that the streamhine divection 15 unchanged and

A

for @ - cs\t - Ay the direction of the free stream Loundary is changed
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only slightly. Thus, for the values of “)o“)l) there 1s some lower

Limuat (Po“)f) for which the amplifier will be bistable. Figure

min’

IV-6 shows expermentally that (for l)aln‘ - 14 .4 psia)

(r /1) e (P /P ) - 614.4/13.06 - 47.2
e} 1 min o] C

and

(r /p) = 1414.4/713.0 = 10n
o f max

where P 1s measured in the vicmity of regron f. These values would
C
vary for ditfferent amplificrs.
Rough calculations of B for bistability for geometrical consider-
R4

.0 - ;
ations alone require that 8 - 21 . This value of & was cal-
nin min

culated for the following conditions: a - 14,00_ ]’O/I-‘r : ]’O/l’a :

1414/14 .4, the separation position s determined using the bisiable
analysis and the splitter tip position s located 1.25 inches trom the
separation posttion . It s aiso assumed for this calculartion that the
free streatn boundary approximaes a straight line rr1om separation

to the splitter tip. & obtained from resulis of the histable analysis Iin
Section Il predict values in the neaighborhood of 16,58 . Since 1t has
been observed experimentally that flow in the amplilicr s stable for
l’o/l’a = 1414714 .4 thena can be seen that the Tnstable analvsis pre
dicts a smailer range of l’O/l’a than that tor which tlow 11 the amph

fler 18 bistable .
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Probably the miajor cause of the disagreementn the calculated
and experimenially observed 8 values i1s that no consideration was
given to the reduction of cross-scctional area available for flow due
10 boundary layer growth in the bisaide analysis formation  In hos
dissertation Duffy (7) determines the boundary layer thickness along
the wall of a 13" hall angle comical nozezle hy theoretical approxima-
tion and also experimentally  His plois ot data indicate that the
boundary layer mncreases approxunalely hincarly trom the throat.
Assunung the boundary laver e obtams with an air supply pressure
of 1000 psig 1s similar to the one obtained with nmitrogen, and the
streamline between the boundary layer and invisicid flow 1s the
deficcted free stream boundary then 'cmm 177 s obtained, which
1g much closer to the calculated value of ¢ 16,58 These caleul-
ations indicate 1hat the boundary layer growih s a sigmiticant niechan-
ism 1 bistability

No geometrical considerations restrict }"}.’J’. such that 1t must

b

be above some value (l’o.f‘I‘!)l i to mathtaim «table flow as the
mni

sphitter up placement requires a P> /P Dbelow a P /P ) . The
o O 1 mnax
fixed position ot the model's control poris together with the tact that
control flow will flow airound a powcr strcarn winch does not 1l the
flow area, prevented a meaningtul exporimental micestiganion ot the
phenomenon in thrs P /'l’j rogion with s anplitier
8] -

Figure IV-8 shows the pencral apgrecniom of oxperimentalls

deternimed values ot P .-’l” andg wiih 1he K 1 30 curve deteg omed
O
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from the bistable theory of Section Il ]’C s the stagnation pressure
of the control signal and this control sigr.: corresponds to the shock

angle designated as ® ax and 1s the sccond coordinate determining

the experimental points,

Figure 1V-9 shows the plot of experumental values of }’)/}’f
¢
versus (R—I‘)/(.\"-:\'l). R-r s the distance between the first free

stream boundary-shock intersection and the splitter tip. 1\'1 - Xl

is
the distance from the nozzle throat to the separation regwon,  This
information could be of help in determining splitter tip positions for
similar amplifiers.

Figures 1V-10, 11, 12, 13, and 14 show the experimental values
of the upper (wU) and lower (:pn) shock angles during the time when
the power stream is switching. These five figures also show a repre-
sentative partial cycele of the controi pressures recorded at U-c¢ and
B-¢. Full cycle plots of pU-ex' I)H*cx' pli~1 and PI§~1 are included.
Since syncronization between film and oscillograph dara was not
achieved, a representative pressure cycle was chosen to show the
relation between control pressure rise and the shock angle magnitude
during switching. In all cases the beginning of switching 1s defined
as the tume when the shock angle with the smalles: magnitude begins
to increase, 1t s defined in this manner because when a control flow
1s uscd to switch the power stream the smaller shock angles icrease
as the control pressure increases . For example, 1t the power stream

switches from the lower 1o the upper exhaust channels, then the lower
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shock angles must ancrease as control flow 1s inittated  The end of

swilchrag will bhe detmed as 'he tnioe when ail shock angle change
8 £ 4

ceases.

Two e scales are valized on Frgures [V-10 1V 50 and V-1,

The scale for the shock angles and control pressures o5 four irmes

greater than the scale for the exhaust puors and wali pressuecs .

{
{

Values of shock angles and control pressuvres are shown ooly

15 i
part of the time cycle when the power sirears s shitwng fron. the
upper 10 lower and from the lower (o upper exits Characteristies of
the pressures from the oscirilograph chart have been shown on thcse
plots. These show, for example: control pressure rise versus nme
as ncarlyastraightline, pressure var:atons ahcut the final maximu,
or ninimurn pressures, oscillator characteristics such as the partial
rise of control pressure with a nume lag at ihns pregsure and then the

frost pressure mise and the nonuniorn i comroi pressures supphed by

A full evele of pressures recorded hy the exiaast pitod ond wall
nressure lrtansducers at -1 and 3-1 are shown on the uppor 1w o
graphs . Since the zero of tmne 1or all tour curves on a graph arc tiwe
sdre 10 cap also be o seen, as would he expected, that the nressture
response recorded by the wall transducer s and oxhaust pirtots lag

the control pressure

N

It 15 noted a

241

tins point that the pitots were
made of siaple tubaing . The posiitonmg of the prtots over the exhaust

exils was not rgrdiy fised and the tronsducer = sensimg the exhaust

o
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pressures were not cabibrated since gquahitative aata only was regquired
of them,

Positwe and negative coitrol will now be gesined. When the
amphifter exttbits postive cantrol the power Hlow leaves the amplifier
on the opposite side tromm which the conrol signac s apphied  For
exarapie, 1f the lower contyct port sunplics tac ool gignal, then
the power flow teaves the amplifior from 1the upper exhaust ¢hannel .
Negative contiol s fae reverse O positee control When the lower
coentrot poret supphies Yhe control signal, the powdr (luid leaves the
ampldior frrom tne lower exhaust Postiive control s demonstrated
1 Figure 1V-10, IV-114 and jV-14 . Negaave control s aemonstrated
in Figure IV-13 ard 1V 15,0 Thgure JV-170 08 an example of a (ase
when the power streamm was not fully comrotled

Woien ¢t moreasing the Dirye bar oo the e scale orgn

of Frogure TV -10 andn ates the e when conitol tloa rrotn the uppar

contral port s D s desedred on the bngh ~poed =chlicran oo Lo
the f1ilmy vt can ateo b dergrmimed 1520 e Towor compot theee bhogins
to decirease al s tme . The shock argles also mndicaie this ] 1o

Fogure IV-10 0 can be seen that © 0 e power tlov our 1oy

( 3 I~ el
than c.f-l‘ when power How leaves the amiplitier by T o-on . Tnis s

1w the vontrol pressure ar Lo-c beng greator, when the frosae

[
! Poliow s

out B-ex than the control prossure a Boo wiion tne posee

:']'.i-!J i"?x‘.' =~
by U-ex, and possiGlv to a shipht baas v e ey s ! 1

|, 1 - )
' ~ iy in froer gy IR L FVO R U AV RS

be cavsed by a shgm nasalignient or the wpper 1low <ot

L
Plave ol |
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possibly be a little rougher than the lower surface. If the upper
surface were rougher this would cause an additional pressure dis-
turbance in this overexpandcd flow region that would affect the flow
to a greater degree than if the stream were not overexpanded. The
bias is more apparent in Figure IV-11 where the slight control
pressure difference indicates that wn for flow out U-e¢x should be
larger than LY when flow is out B-ex.

The second bar from the time scale origin of Figure 1V-10
represents the time when the upper control flow can las! be detected
on the schlieren film. ]t can be seen that the upper control flow con-
tinues for approximately eight tenths of a miihisecond after the lower
control pressure begins. Because of this lag in upper control shut
off, it can be determined from the @ -t graphs that the switching ot the
power fluid from B-ex to U-ex takes longer. This same control
pressure lag can be seen in Figure IV-12. It mayv be noted in Figures
IV-10 and IV~12 that the shock angles do not bhecome equal or change
appreciably, as might be expected, when the pressure in the on con-
trel port begins tu decrease belore positive controel pressure 18
supplied from the other port. This s due 1o the reverse flow from
the atmosphere which constrains the power stream to flow out the
same ex!t until the pressure differential which exists between the
upper and lower boundaries is destroyved. In reality the reduction ol
the control pressure after the power stream has switched would
Insure the case of the next switch as can be seen from the @ vs i

curves.
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Figure IV-11 shows the same type data plots for a chamber pres-

sure of PO = 1000 psig and nitrogen as the power gas. Observations
similar to those made about Figure IV-10 for which }’0 T 1200 psig
can also be made for the plot of data representing this test. Figure
IV-12 1s another plot of thus type data for PO = 1000 psig and hydra-
zine as the power gas. The first half cycle shown, when the power
stream switches from the upper to lower exits, occurs normally

except for the reduction of the bottom control pressure (P C) before

13-

the upper control pressure (PU-ex) begins to increase. LEven if thig
occurs, as noted previously the angles do not change because of the

reverse flow from the atmosphere until P c begins to increase and

lJ',

destroy the low pressure region at the upper flow boundary. The

second half cycle shows the reverse oscillator characteristic. l’}i-r

builds to its final value before IJU'C begins 1o decrease. Although
the upper shock angle reaches a stable value two-1enths miillisecond
later than the lower shock angle there is hittle apparent affect on the
shock angles which could not be exglaiued by error 1n data reduction.

The apparent delayed reduction in P should delay the reduction in

Li-(‘

P This does not happen. (On the contrary the hydrazine power

U’
fluid was switched by the control fiow smoothly, as is indicated by
watching the higa speed schlieren filin and the plot of the shock angles
taken from this film. There s six-tenths millisecond between the
begmning of rise of I’H_(_ and fall of I‘U-c' therefore it apprars that

there should be about a six-tenths mllisecond delay between the
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beginning of rise in ) and the begimmng of fall of @

test does the oscillator display this characteristic 1n actuating the

In no other

control signal, and a3 mentioned previouslty there was only one hot gas
test performed with the oscillator used as the control signal actuator.
Although it 1s possible to adjust the oscillator such that this wype
control signal 1s generated, no explanationis apparent to explain why

the reduction 1n magnitude of @18 not delayed six-tenths millisecond
|

by the delay 1n reduction of I’U_

Figure IV-13 shows a plot of shock angles, control signal pres

sures, wall pressures P

Ui and }’n and exhaust priot pressures for

-1
Po = 800 psig. As can be seen from observing the control pressure

plot, the oscillator did not supply a good switching signal. Many
attempts were made to make the amplifier switch when 1he suppls,
pressure was 800 psig but at no time did the amplhifier switch at this
pressure when the oscillator was used as the control signal actuator .
The control signal pressures shown an Pigure IV-13 did not switch
the power fluid and 1t was found experimentails thar at s chainbee

pressure, control pressures up to appraoximate!ly 10 psig would not
cause switching .

The data plotted in Figure IV-14 1s for a supply pressure of
€00 psig, nitrogen power fluid and the switching signal aciuated by
the oscillator. Shock angle data appears haphazard in the plot, [has

i1s primariiy duc 1o the rediced clarny of angles when the nowe

stream separates within the nozzle rar iron: the nossle oxn (al:out
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two-tenths of an inch as calculated using Figure 1V-2 and assuming
an atmospheric pressure of 14.5 psig). The amplifier operates with
negative control for this 1’0 as 1s seen by observang the high speed
schhicren film or by observing the time plots of ® and contrel pres-
sure. From observing the film 1t 1s apparent that the power flow
doesn't switch the power fluid completely to cither exit, although
this 1s not obvious from the exhaust pressure plot.

Figure 1V-15 shuows a complete cycle of pressure time curves
obtained from the oscillograph pressure time record when solenoid
valves were used as the control signal actuator, the chamber pres-
sure was 250 psig and nitrogen was the power fluid. No shock angles
could be obtained from the schlieren film but 1t 1s perfectly clear
that the power stream switches negatively when the control pressure
versus time curve 1s considered along with the exhaust pressure
versus time curve . When a control flow 1s supplied at U-¢ the power
flow leaves the amphifier from the upper exit, which ts the definition
of negauve control.

Using the time lapse from the beginning 1o the end of all ¢
changes as the deflimmtion of switching time, and the @ vs t curves,

a table of switching timmes can be compiled. Yne control signal was
actuated by the oscitlator for all switchings listed in Table IV-1,
The control pressures Listed in Table 1V-1 are not necessarily the
mmimum pressures reguired to switch the power stream.  They

n.oerely show the aciual pressures which were used to swatch the
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Table 1V-1, Switching Tiunes for Different Chamberv
Pressures, Gases and Directions of Switch

Power Fluid P, Dircection At P
(psig) of Switching {milliseconds) (psig)
Nitrogen 1200 lito 13 1.1 6.0
Nitrogen 1200 Bwl 1.70 5.0
Nitrogen 1000 Uto B 1,60 5.0
Nitrogen 1000 BtolU 2.50 5.0
Hydrazine 1000 UtoB 1.20 4.2
Hyvdrazine 1000 Lto U 1,04 8.9

power stream o these tests From observing the times of switching,
i1t appears thal greater control pressures tend to decrease switching
times, as s indicated by comparing the cases of niirogenr when the
supply pressure 15 1000 psig and hvdrazine at the samie supply pres-
sure. This would normally be expected

Iv order 16 obtain canclusive expertmental evidence showing that
smaller cwitchimng timcs waidl be obramed using larger control pres-
sures, data frowr experiments should be examined in which variations
of the other parameters are eliminated. Por examiple, the time
between the begmning of rise of })U~c and fall ot i’“_ . and vice-versa
should be the sanie in all cases. As can be sceen from the @ vs t
curves, 8t 1s greater when the controel pressure on the side 1o which

the siream 1s to swnch Jdoes not bogin lo decrease atl the sate titne

the oppostte control pressute begins 1o anorease
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Figure IV-16 shows a sequence of enlarged frames taken from the
16 mm schlieren film:, They show the amplifier's power stream
switching from the upper 1o lower exit. Considerable change in the
shock pattern can be detected between frames (a) and (b). A light
sp.ot shows at the upper control port entrance to the power flow
channel in frame (b), which does 1.0t appear in frame (a). When this
1.ght spot can be detected at either control purt entrance, a control
flow is being supplied at that port.

Figures IV-16 through IV-19 show typical flow situations with
nitrogen as the ower fluid. They also illustrate the type of photo-

graphs from which shock angles (9., and mB) were recorded from

U
each frame of a typical switching sequence in order to obtain Figures
10 through IV-15. Figures IV-16 and IV-17 illusirate well-defined
switching sequences at chainber pressures of 1200 and 1000 ps
respeciively, As shown in Figure IV-18 at chamber pressure PO =
800 psi1g the amplifier does not completely switech. 1t can be seen
thal the power strearn partiatly switches but never splits evenly
between the exit channels.

Figure 1V-12 shows a negative switching sequence and aiso shows
the lap in upper control cut off, In frame (a) it can be seen thar the
upper control pert (U.C.FP ) 1s supplying control flow. In frames (b},
(), and {(d) the U.C.P, 15 stil! supplying flow but .oy the 1ower con-
trol port {I..C.P.) is supplying coutrol flow also. in trame (e) the

U.C.P, isoffand IL.v .FP. on. Inframe (f) the L.C.P, continues to
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(a) Steady state flow out upper (b) Power flow split with approxi-

exit mately 80% out U-ex

{c) Power flow split with (d) Power flow split with approxi-
approximately 607 out U-ex mately 40% ou' U-ex

——
&

(¢) Power flow split with (f} sSteaay state flow out bottom
approximately 20% cut U-ex exat

Figure IV-10. 5Schlweren Photographs of Power Stream Switching,
Power Fluid - Nitrogen, P, = 1200 psig
Oscillator Actuated Controi Signal at 59 + 5 c¢ps.
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(a) Steady state flow out upper (b) Power flow split with approxi-
exit mately 80% out U-ex

(c) Power fiow split with {d) Power flow split with approxi-

approximately 60% out U-ex miately 40% out U-ex
~— —y

{e) Power tlow split with (f) Steady state flow out bottom
approximately 20% out U-ex exit

7. behlieren Photographs of Power Stream Switching .
Power iluid - Nitrogen, P = 1000 psig

Oscillator Actuated Control Signal at 50 4 5 ¢ps.,

ey ~ TuF 1
1 igure 1v-i
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{a) Steady state flow out bottom (b)Y Three frames after steady state
exit flow out U-
*

(c) Six frames after steady state (d) Nine frames alter steady state
flow out U-ex flow out U-ex

. 3

(e} Twelve frames after steady () Sready state flow hanging on
state flow out U-ex splhitter

-y

Fipgvre 1V-18. Schlieren Photographs of Power St rcam Switching,
grap ‘
Power Fiu:d - Nitrogen, P = 800 psag
Oscillator Actuated Conirol Signal at 50 + 5 ¢ps.
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(a) Steady state flow out upper

(L) Power flow sp! 1t with approxi-
238 f
exrt

mately 807 out U-ex

- -y

(¢} Power flow split with (d) Power flow split with approxi-
approximately 5607 out -y mately 4070 out U-ex

(e) Power flow split with (1)
approximately 207, ouy G-

Seady state flow out hotiom
exit

Figure IV-19, Schlirpren Photographs of Power Strean

Power 1110 - Nirogen, Py T 600 psip

Dsc:ltator Actuated Control Signal at 50 + 5 ¢ps .

s Switching,
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supply control fluid and the power stream leaves the amplifier from
the lower exit channel.

Figure [V -20 shows the same negative swilching phenomienon
when solenoid valves actuate the control signal and ]’“ = 200 psag.
Negative switching was not studied extensively but some ol the
characteristics of the power stream, whennegative switehing ocours,
wore noted and will be presented here. Parst, s easy to see thuat
the power stream does not fill the flow arca at this chamber pressure,
Second, when no control signal s supplied the tlow sphits hetween the
upper and lower exits . Third, the power siream s qust barcly super
sane flowing pas: the splhitter tip.

This negative control regime can be explaimed by considering
Figure IV-21. Vicews (@) and (b) of IMipure 1V-21 dlustrare the reduced
size of the power jet 1n the control port region. Soce the power tlow
docs not {ill the channel, the control fluid can flow around it 11 s
hypothes:zed thatl the control port serves as the erttical throar of
converging shvergiog exnanding ttow . Thus whoen control flow enters
as shown at U-c a high pressure region ar B-¢ relative 1o U-¢ s
produced because stagnation condihions in the conirol flow rend 1o
exist on the side opposite the control nler.

Figure 1V-22 shows cnlarpged photographs from the film on whiteh
hydrazine was the power flu:d, control flow was aciuarcd hy solenaodd
As can be scen e power strean: did non

switch completely, and the lower control port s supplyving the control
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(a) Steady state flow out upper (L) Power flow split with approxi-
eXit mately 807 out U-ex

(c) Power flow split with (d) Power flow split with approxi-
approximately 607 out U-ex mately 407 out U-ex

(e} Power flow split with () Steady state flow out bottom
approximately 20% out U-ex exit

Figurce IV-20. Schliwren Photographs of Power Stream Switching
Power "luid - Nuirogen, P, * 230 psip
Solenoid Valves Actuated Control Signal.




Free Stream
Boundary of
Separated Jet‘\

/

- End of Conical Nozzle

~

(a) Oblique View of Control Port Region

(b) Side View of Control Port Region

Figure 1V-21. Flow Pattern of Control Gas in the Control
Port Region
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g Al

(a) Steady state flow out bottom (h) lon frames afier steady state
exit flow out B-ex

(c} Twenty frames after steady {(d) Thirty frames after steady state
state flow out B-ex flow out B-ex

il el
(e} Forty frrames after steady (f) Steady state flow hanging on
state flow out B-ex splitter

Figure IV-22. Schlicren Photographs of Power Stream Switchin
B grap 154
Power Flad - Hydrazine, P 7 600 psig
Solenoid Valves Actuated Conirol Signal,
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signal. These photographs were chosen for presentation here because
they 1llustrate the hest film clarity obtained when hyd.azine was the
power gas, and they also demonstrate the reduced clarity obtained
because of external density currents and internal smudging of the
glass side walls.

When the high speed schhieren film of the switching phenomenon
15 viewed using a motion picture projector, operating a' 32 frames/
scecond, 1t appears that the fluid stream rotates as a solid body for
chamber pressures above 250 psig. This 1s not the case. The angle
of the turming shocks changes smoothly with time . Thus the change
of the flow directiuns of successive particles s smooth and should
appear to have a wave shape during switching. Since the wave shape
1s not observed at high chamber pressures, and velocities are very
high, 1118 reasonable to conclude that this 1s lecause the power fluid
velocity i1s many times higher than the angular speed of the rotaning
shock . At the lower chamber pressures the appar:oni was o moton
during switching 1s discernable. When the solenoid valves actugied
the control signal, the wave motion was seen even at high chamber
pressures because of the large dPC/dl and conscquent large rate of
change of © caused when the solenoid valves bounced off ther scals
during closing. This poor seating characteristic of the valves caused
the large dP/dt. wiich resulted wnothe raprd change in 5 with respect

to time and the apparent wave moton.
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Observing the high speed filni of the switctiing, one also detects
a momentary lag in the jet's rotgtion as 1t passes the splitter, This
18 probably due to the reverse flow from the aimosphere delayving the
pressure reduction in the outlet channel to which the amplifier is to
switch.  As noted previously the power jet niust be forced by the cone
trolling si1gnal ito an asvmmetrical shock and separation pattern
such that the mgjor porton of the flow s forced out the intended
ouwlet channel., When this power flow Legins to restrict the reverse
atmospheric flow in the intended exit channel, the pressure falls 1n
that channel and the deflecting shock's strength in the intended outlet
channel decreases. Thus as the shock at! the boundary o whicn the
power stream is switching decreases in strength the power jet con-
pletes switching and a stable flow pattern :s established, with or
without the control signal.

At first glance 11 appears that there muighi be quite a difference
brtween the mechanics of switcling as a result of pressure forees
and momentum forces. However, as stated previousiv an Sectron 11
the 1mporiant thing s to cause a disturbance and subseguent shock
which deflects the flow. The deflecting mechanisny in this case 1s an
oblique shock. To establish the shock a min:inium local pressure
rise across the shock must be established. Whether one aitributes
the pressure downstiream of the shock to the pressure or momentum
of the signal 1s immaterial. Consider Bernoullt's one dimensional

2
equaton, I+ (1/2)(zv7) - Constant. The potcntial of the flurd hefore
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flewing through the control port throat is priumaridy pressure. At
and imnediately past the throat, this potential has changed primarily to
kKinetic potentigl. The control flow docs not! penetrate the power flow
because the power flow acts 1tke 8 rigid body when this tvpe peneiration
i1s concernced . Thus wiren the cont-ol flow contacts the power flow,
the control flow will be partially stagnated if the power stream fills
the cross section and prevents flow around the power stream,  This
stagnation produces an effective local pressure rise which causes the
shock and resulung direction of flow change. ‘Thus pressure and
monientun force switching are approx:in:ately the sanie when the
conirol flow i1s directed normal o the power flow .

Due to the difficulty 1in evaluating sonic of th nreprals of
equation 11-21, a lengthy numnerical procedure will be required.
At present a computer program 1s bemp writen fur an ex'renely
simplified model to determine numerical switehiig times tor d-tferent

supply pressares, exhaus! pressures and conrol! pressares.,




IV. CONCLUSIONS

An analysis has been developed which predicts the maximum
PO/Pf for which the power jet will flow out anc  =it. The analysis
wiil be applicable to amplifiers which have similar geometries. The
(Po/pf)max is corroborated by experimentai data. The lower limit
of Po/Pf was also established by experiment.

For an amplifier with no geometrircal bias and no control signals
or restrictions applied to it, the power flow splits approximately
evenly between the two exits even in the bistable flow regimes of
supply pressures. Thus the flow separation and flow directing shocks
are symmetrical since the flow splits evenly out the two exits.

Whenever all the pcwer fluid flows out one exit then at some
position in the amplifier the flow must separate from a model bound-
ary. This separation is caused by the local pressure in that region,
and the separation position can be predicted with the Listable analysis.
Since all the power fluid flows out one exit and the flow is supersonic
there must be an obl:que shock which turns the flow. These separa-
tion shocks have been observed using the schlieren visualization tech-
nique.

The pressure ratio PO/Pf deterrnires the separation area ratio
Ai/At and Mach Number M.. If the power flow is to be stable and
leave the model by one exit then different local ambient pressures

must be maintained at the upper and lower flow boundaries. These

114




115
local ambient pressures establish shocks of different strengths which

make it possible for the flow to be stable.

The " 'ng of the exit flow channel to prevent unrestricted reverse
flow from the atmosphere and thus cause a lower pressure in the

intended exit channel is necessary for tistability. For the power flow

to be bistable the flow channel in the control port region must also be

sufficiently filled by the power jet to prevent control flow from the high

to the low pressure region.

When the chamber pressure 1s 800 psig or less it is apparent from

the high speed schlieren film that positive control is not achieved with

the amplifier tested. For chamber pressures of 600 psig or less

negative control effects are observed. The negative control pheno-

menon was not investigated closely. The reason that negative control

occurs is very probably due to the separation of the power stream

long before reaching the control port region. The separation and

contraction of the power fluid allow the control signal to flow around
the power jet, stagnate and create a higher pressure region at the
opposite flow boundary. The higher pressure causes a stronger

shock and the resulting negative control,

The separation area ratio Ai/At does not vary with the nozzle

half angle & (2). Thus with the same expansion ratio and pressure

ratio (PO/Pf) and a larger nozzle half angle, the separation position

will be closer to the nozzle exit. Therefore the fluid has less axial

distance in which it can recompress and thereby decrease the diam-
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eter of the stream. With the larger stream diameter the flow passage
is more nearly filled and the control fluid has less space in which to
flow around the power stream, It can also be seen that fo'r a constant
PO/Pf the deflection angle of the free stream boundary is constant,
Since the free stream boundary follows the model boundary approxi-
mately, if o is increased, some angle is reached for which the free
stream boundary cannot be deflected into the desired outlet channel.
Thus the half angle of expansion must be determined such that the free
stream boundary can be deflected into the desired channel. For
simple conical nozzles this fixes the angle ¢ when the location of the
splitter is fixed.

Extension of the range of chamber pressures which can be
switched with the same amplifier and control signal would extend
the usefulness of any amplifier. It is reasonable to assume that
this can be accomplished by redirecting ti.e control flow toward the
nozzle throat, Consider Figures II-3 and 1V -21. In the case of
Figure II-3 the atmosphere effectively supplies the control flow that
produces the bistable state. In switching the power stream to the
second exit the control signal creates an initial temporary pressure.
If the control signal were directed parallel to the model wall in a
manner similar to the atmospheric reverse flow in Figure I1-3 there
would be less tendency for the control signal to flow around the power
stream and the switching range would be extended to lower chamber

pressures. Also at the higher chamber pressures the control signal
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would be more effectively stagnated before being entrained by the
power jet and swept downstream. Thus it is possible that both
higher and lower values of champer pressures may be controlled by

directing the control signal input toward the power jet nozzle throat




10,

11.

LIST OF REFERENCES

Ames Research Staff, 1953. Equations, Tables, and Charts for
Compressible Flow. Report 1135, U, S. Government Frint-
int Office., Washington 25, D. C.

Arens, M., Spiegler, E. March 1963. Shock Induced Boundary
L.ayer Separation in Overexpanded Conical Exhaust Nozzles,
Vol. 1. No. 3. AlAA Journal.

Bloomer, H. E., Antl, R. J., Renas, P. E. 1961. Experimental
Study of Effects of Geometric Variables on Performance of
Conical Rocket - Engine Exhaust Nozzles. Technical Note
D-846., National Aeronautics and Space Administration.

Bogdonoff, S. M., Kepler, C. E. 1954, Separation of a Super-
sonic Turbulent Boundary Layer. pp. 414-424 J. Aeronaut
Sci,

Broadwell, J. E. 1963. Analysis of the Fluid Mechanics of
Secondary Injection for Thrust Vector Control. AIAA Journal.

Cerni, R. H., Foster, L. E. 1962, Instrumentation for Engi-
neering Meagsurement. John Wiley and Sens, Inc,, New York.

Duffy, R. E. 1965, Experimental Study of Nonequilibrium Expanding
Flows. Vol. 3. No. 2, AIAA Journal.

Dunaway, J. C., 1965, Development of a Pure Fluid Missile Control

System. U. S, Army Missile Command Report No. RG-TR-
65-22,

Dunaway, J. D. 1965. The Development of a Hot Gas Reaction
Control Valve for an Antitank Missile., U, S, Army Missile
Command Report No. RG-TR-65-23.

Fraser, R. P., Eisenklam, P., Wilkie, ID. 1959. Investigation of
Supersonic Flow Separation in Nozzles. J. of Mech. Eng. Sci.

Foster, C. R. and Cowles, F. B, 1949, Experimental Study of Gas-
I’low Separation in Overexpanded Exhaust Nozzles for Pocket
Motors. Progress Report No. 4-103, Jet Propulsion Laboratory,
Calif. Institute of Technology. California,

118




12,

14,

15.

16,

17.

18.

19.

20.

21,

22.

23.

119

Gadd, G. E, 1953, Interactions Between Wholly L.aminar or
Wholly Turbulent Boundary Layers and Shock Waves Strong
Enough to Cause Separation. pp. 729-739. J. Aeronaut. Sci.

Gadd, G. E., Holder, D, W., Regan, J. D. 1954. An Experi-
mental Investigation of the Interaction Between Shock Waves
and Boundary Lavyers. Proc. Roy. Soc. A226. 22-253.
London.

Green, L. G. 1953, Flow Separation in Rocket Nozzles., Vol.
23. No. 81, np. 34. J. American Rocket Soc.

Harry Diamond Laboratories. 1362. Proceedings of the Fluid
Amplification Symposium. Vol, 1. Washington, D. C.

Holmes, A. B., Foxwell, J, E., Jr. May 1964, Supersonic
Fluid Amplification With Various l-xpansion Ratio Nozzles,
Vol. 1V, Proceedings of Fluid Amplification Symposium,

Kalt, S., Badal, D. L. 1965. Conical Rocket Nozzle Perform-
ance Under Flow Separated Conditions. Vol, 2. No. 3.
Spacecraft Journal, Engineering Notes.

Katz, S., Winsten, E. T. 1964. The Response of A Bistable
Fluid Amplifier to a Step Input. Proceedings of Fluid Ampli-
fication Symposium. Washington 25, D. C.

Keto, J. R. 1962. Flow Visualization - Compressible Fluids.
TR-1041 Diamond Ordnance Fuze Laboratories. Department
of the Army. Washington 25, D. C.

Liepmann, H, W., Roshko, A. 1957, Flements of Gasdynamics.
John Wiley & Sons, Inc. New York.

Mager, A. 1956, On the Model of the F'ree, Shock-Separated,
Turbulent Boundary Layer. Journal of Aercnautical Sciences,

McKenney, J. D, 1949, An Investigation of I’low Separation in
an Overexpanded Supersonic Nozzle. Vol. 24, p. 320,
Extract from Thecis at California Institute of Technology .
Published as Arpendix to Ref, 4. J. Amer. Rocket Soc.

Schardin, H. 1047, Toepler's Schlieren Method: Basic Prin-
ciples for its Use and Quantitative Pvaluation. Navy Depart-
ment. David Taylor Model Basin., Washington, D, €,




24,

26 .

27.

28,

29.

30,

31.

32.

33.

120

Shapiro, A. H. 1953, The Dynamics and Thermodynamics of
Compressible Fluid Flow. Vol, I. The Ronald Press Company.
New York.

Shih, C. S. 1967. Flow Characteristics in a Supersonic Fluid
Amplifier. The American Society of Mechanical Engineers .
New York.

Summerfield, M. 1950. Fundamental Problems in Rocket
Research. No. 81, J. Amer. Rocket Soc.

Summerfield, M., Foster, C, R,, Swan, W. C. 1:.4, Flow
Separation in Overexpanded Supersonic Exhaust Nozzles.
Jet Propulsion 24. pp. 318-321.

Truitt, R, W. 1960. Fundamentals of Aerodynamics Heating.
pp. 106, The Ronald Press Company. New York,

Warren, R. W. 1862. Some Parameters Affecting the Design
of Bistable Fluid Amplifiers. ASME. Fluid Jet Control
Devices. New York, N, Y,

Wood, O. L., Fox, H. LL. November 1963. Fluid Computers.
pp. 44-52. International Science and Technology.

Woodward, K., Mon, G., Joyce, J., Straub, H., Barilo, T.
Four Fluid Amplifier Controlled Medical Devices. May 1964,
Proceeding of the Fluid Amplification Symposium, Vol, IV.
pp. 167-178. Washirgton, D. C,

Yalamanchili, J. 1966. Supersomc Fluid Amplifier Performance
Characteristics. H neywell Document 6D-F502. Vol. A,

Yalamanchili, J. 1966. Flow Process in the Turbulent Mixing
Region of a Supersonic Fluid Amplifier Using ‘he Free Jet
Analysis. Honeywell Document 6D-F-502. Vol, B,




